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Characterizing The Outer Solar System With The Dark Energy Survey
Abstract
This thesis presents a search for trans-Neptunian objects (TNOs) using data from the Dark Energy Survey.
This population of minor bodies orbiting past Neptune is a relic of the formation history of the Solar
System, with the current observed orbital distribution of these planetesimals bearing signatures of largescale changes in the positions of the giant planets.
The Dark Energy Survey (DES) covered $5000\deg^2$ of the sourthern sky in the $grizY$ optical/NIR filter
sets between 2013-2019, and the absence of repeated observations in a span of few hours, as typically
employed by TNO surveys, makes the search process challenging. To accomplish this, I present new
techniques to identify moving objects in catalogs coming from single-epoch images, techniques for
linking orbits in a temporally sparse catalog, and a “sub-threshold significance” test, where the object is
demanded to be detectable in a stack of the exposures in which the orbit indicates an object should be
present, but was not individually detected. The search of the first four years of DES, corresponding to
$60,000$ exposures and 22 million transients, yielded 316 validates TNOs, with 50\% completeness
estimated at $m_r \approx 23.3$ for objects at distances $30 \lesssim d \lesssim 2000 \, \au$. The
search over the full six years ($80,000$ exposures, 108 million transients) benefits from not only the two
additional years of data, but from an optimized detection pipeline capable of finding fainter sources in the
same images. This complete search yieleded 769, with 50\% completeness at $m_r \approx 23.8$. I also
present software for simulation of DES discoveries given a hypothetical TNO population, enabling
statistical comparisons of hypothesis to the observed DES data.
I also present a test of azimuthal isotropy for the population of ``extreme'' TNOs ($a > 150\au$, $q > 30\
au$) for evidence of gravitational perturbations from an unseen super-Earth in a distant orbit. By rotating
the orbits of the detected eTNOs, I construct a synthetic population that reproduces the observed eTNOs
in the orbital parameters $a$, $e$, $i$ and absolute magnitude $H$, and that is uniform in $\{\Omega,
\omega,\mathcal{M}\}$. I show that the DES eTNOs are consistent with azimuthal isotropy, and thus do
not require the existence of a distant ``Planet 9''.
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abstract
CHARACTERIZING THE OUTER SOLAR SYSTEM WITH THE
DARK ENERGY SURVEY

Pedro H. Bernardinelli
G. Bernstein & M. Sako

This thesis presents a search for trans-Neptunian objects (TNOs) using data from the Dark
Energy Survey. This population of minor bodies orbiting past Neptune is a relic of the formation
history of the Solar System, with the current observed orbital distribution of these planetesimals
bearing signatures of large-scale changes in the positions of the giant planets.
The Dark Energy Survey (DES) covered 5000 deg2 of the sourthern sky in the grizY optical/NIR
filter sets between 2013-2019, and the absence of repeated observations in a span of few hours, as
typically employed by TNO surveys, makes the search process challenging. To accomplish this, I
present new techniques to identify moving objects in catalogs coming from single-epoch images,
techniques for linking orbits in a temporally sparse catalog, and a “sub-threshold significance” test,
where the object is demanded to be detectable in a stack of the exposures in which the orbit indicates
an object should be present, but was not individually detected. The search of the first four years of
DES, corresponding to 60, 000 exposures and 22 million transients, yielded 316 validates TNOs, with
50% completeness estimated at mr ≈ 23.3 for objects at distances 30 . d . 2000 au. The search
over the full six years (80, 000 exposures, 108 million transients) benefits from not only the two
additional years of data, but from an optimized detection pipeline capable of finding fainter sources
in the same images. This complete search yieleded 769, with 50% completeness at mr ≈ 23.8. I also
present software for simulation of DES discoveries given a hypothetical TNO population, enabling
statistical comparisons of hypothesis to the observed DES data.
I also present a test of azimuthal isotropy for the population of “extreme” TNOs (a > 150 au,
q > 30 au) for evidence of gravitational perturbations from an unseen super-Earth in a distant orbit.
By rotating the orbits of the detected eTNOs, I construct a synthetic population that reproduces
v

vi
the observed eTNOs in the orbital parameters a, e, i and absolute magnitude H, and that is uniform
in {Ω, ω, M}. I show that the DES eTNOs are consistent with azimuthal isotropy, and thus do not
require the existence of a distant “Planet 9”.
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removed, showing the output catalog. Note that there are still some coherent structures
remaining, but these are now a small minority of the total transient catalog. . . . . . . .
The bend angle and clustering evaluation. In the first column, the transients from an
exposure with astrometric misalignment (top), showing randomly distributed bend angles
(bottom). In the second column, a streak (with one spurious match) identified in the
cleaning process (top), and the bend angle histogram (bottom) showing values close to
zero. In the third column, a randomly matched group (top), with no tendency in the
bend angle histogram (bottom). In the last two scatter plots, the black dashed lines show
some of the connected nearest neighbors, which define (visually) the bend angle. . . . .
Upper left: Histogram of magnitudes for all 22 million DES Y4 transients. Upper right:
Average transient density as a function of ecliptic latitude for all exposures. Lower left:
Bright (i.e. on the limit where most exposures are complete) transient density as a
function of ecliptic latitude (similar to Figure 2.1). The orange dotted curve corresponds
to the latitudinal density of the asteroid belt plus a background level. Lower right: Faint
transient density as a function of ecliptic latitude. . . . . . . . . . . . . . . . . . . . . .
Left: Histogram of the magnitude of 50% completeness, m50 , per band of the exposures
used in the DES Y4 TNO search, as defined in section 2.2.6. Right: Example of the logit
fit for an i band exposure. The measured parameters are (m50 , c, k) = (23.31, 0.96, 5.40).
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χ2 /ν. The symbol shapes encode
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316 linkages lying to the right of the parabola as being confirmed TNOs. . . . . . . . . .
Left: The brown curve plots the distribution of the number of DES observations (i.e.
the TNO falls on a CCD) for a sample of 196,663 simulated TNOs evenly distributed in
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observations that would result in detections (i.e. signal above detection threshold), as
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fit (similar to equation 2.4) to this function shows that m50 = 23.29. . . . . . . . . . . .
Left: Probability of recovery of an object with a given inclination on the complete regime
(blue, mr < 23.4) and for all simulated objects (red). Since the survey’s longitudinal
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χ2 per degree of freedom ν for all 424 candidate orbits, with the blue curve representing
the 316 confirmed linkages, and the red representing the candidate orbits rejected as
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The dashed curve represents the χ2 /ν distribution for the 1727 fakes inserted into the
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Chapter 1

Introduction
1.1

Inventory of the Solar System

The Solar System contains a variety of bodies with significantly different physical properties (see
Horner et al., 2020, for a thorough review). The Sun, of course, is the central star and contains
the majority of the mass. Going outwards, there are four terrestrial planets and their satellites
(Mercury; Venus; Earth and the Moon; Mars, Phobos and Deimos); and four giant planets (the gas
giants, Jupiter, the most massive planet of the Solar System, Saturn, and the ice giants, Uranus and
Neptune), each with dozens of satellites. Between the terrestrial and the giant planets lies a reservoir
of small bodies, the asteroid belt; Ceres was the first body discovered in this region, in 1801 (see
historical details in Forbes, 1971), and today hundreds of thousands of asteroids are known. Beyond
Neptune’s orbit also lies at least one reservoir of small bodies (the Kuiper belt), as well as the still
hypothetical Oort cloud. Some of these small bodies share their orbits with a planet, residing in
one of the Lagrange points L4 and L5 , stable orbital configurations of the Sun-planet-small body
system. These are called Trojan asteroids. Finally, some of these small bodies may have orbits
that get within a few au of the Sun, causing gases to become warmer and eventually be released,
producing a bright coma (that occasionally become visible to the naked eye), and become comets.
The formation of the Solar System started 4.56 Gyr ago, with the collapse of a molecular cloud,
that, by conservation of angular momentum, flattened out into a disk of gas, the protoplanetary
disk (Pfalzner et al., 2015; Horner et al., 2020). Such a disk starts to form solid material (such as
ice), speeding up‘’ the agglomeration of material, which can form planetary embryos that, through
collision, begin to dominate a region and form a protoplanet (Kokubo & Ida, 1998) that “feed” on
the protoplanetary disk until the material in its vicinity is cleared. Regions that do not form planets
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have remnant planetesimals (asteroids and Kuiper belt objects), which evolve dynamically with the
planets (Nesvorný, 2018).
This thesis will focus on the population of small bodies beyond Neptune, the Kuiper belt or transNeptunian objects, describing a search for these using data from the Dark Energy Survey (DES, The
Dark Energy Survey Collaboration, 2005, 2016), a large astronomical survey that observed about
1/8th of the sky over 575 nights between 2013 and 2019, with the goals of measuring the nature of
the accelerated expansion of the universe and the distribution of dark matter. This introductory
chapter presents the idea of this disk of planetesimals beyond Neptune, reviewing the necessary
physics, the historical development of the field and the current picture of this region. Chapter 2
presents the Dark Energy Survey and the results of a search for trans-Neptunian objects in the
first four years of DES data. Chapter 4 shows the results of a search over the entirety of the DES
data, including significant improvements over the search in the first four years. Chapter 3 discusses
the results of a statistical analysis of the population of distant trans-Neptunian objects and their
relation to the Planet 9 hypothesis (discussed in more detail in Section 1.7). Chapter 5 concludes
and outlines future work, including projects I plan to accomplish in the near future.

1.2

Movement of a body in its orbit

1.2.1

Laws of motion

The motion of celestial bodies around the Sun has been extensively studied in astronomical history.
Kepler (1609, 1619) formulated three empirical laws of planetary motion (modern language adapted
from Murray & Dermott, 2000):
1. Bodies move in ellipses with the Sun at one focus;
2. A vector pointing from the Sun to the body sweeps out equal areas in equal times;
3. The orbital period T of a body squared is proportional to the cube of its semi-major axis a
(that is, T 2 ∝ a3 ).
Figure 1.1 illustrates some of these concepts.
Newton (1687) proposed a universal law of gravitation, in which the force F between two bodies
of mass M and m separated by a distance d is given by
F =G

Mm
,
d2

(1.1)
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Body

Aphelion

Perihelion
Sun

Empty focus

Figure 1.1 Illustration of an elliptical orbit of a body orbiting the Sun. Here, a represents the semimajor axis, e the eccentricity, q ≡ a(1−e) the perihelion, f the true anomaly, E the eccentric anomaly
and r is a vector from the central body to the object. The perihelion and aphelion correspond,
respectively, to the closest and farthest from the Sun an object can get on its orbit.
where the constant G is the universal constant of gravitation.
A consequence of Newton’s universal law of gravitation is that Kepler’s third law becomes
T2
4π 2
=
.
a3
G(M + m)

(1.2)

If a is measured in astronomical units (au), and T in years and neglecting Earth’s mass, the solar
mass M

becomes GM = 4π 2 au3 /yr2 .

The motion of the body m orbiting central mass M with separation vector r can be determined,
then, by solving the equation
d2 r
G(M + m)
=−
r.
2
dt
krk3

(1.3)

The full solution of this problem can be found in standard classical or celestial mechanics textbooks
(e.g., Landau & Lifshitz, 1976; Murray & Dermott, 2000; Morbidelli, 2002; Goldstein et al., 2002).
The specific energy E of an orbit is given by
E=

v2
GM
−
,
2
r

(1.4)

where v = kvk is the magnitude of the velocity vector v = ṙ, and the specific angular momentum
h = r × v.

(1.5)

All solutions of this problem are conic sections with eccentricity e whose magnitude depend on
the specific energy E (energy divided by the reduced mass) of the orbit and the magnitude of the
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angular momentum vector h = khk:
s
e=

1+

2Eh2
(GM )2

(1.6)

The four possible conics are:
• Circles, where e = 0 and E = − GM
2r ;
• Ellipses, where 0 ≤ e < 1 and E = − GM
2a < 0. Note that this includes the e = 0 case, since
circles are special cases of ellipses;
• Parabolas, with e = 1 and E = 0;
• Hyperbolas, where e > 1 and E > 0.
Some comets have nearly-parabolic orbits, where e is very close to 1. Notable examples of objects
with e > 1 are the two currently known objects of interstellar origin, 1I/’Oumuamua (e ∼ 1.19,
Meech et al., 2017) and 2I/Borisov (e ∼ 3.35, Guzik et al., 2020). The major planets and all
trans-Neptunian objects have 0 ≤ e < 1.

1.2.2

Orbital elements

The phase space for a particle in orbit has a set of 6 parameters that fully describe its motion: the
three positions {x, y, z} and three velocities {vx , vy , vz }, defined at an epoch t0 . These Cartesian
coordinates can be mapped to a set of six orbital elements {a, e, i, ω, Ω, M}2 . Besides the semi-major

axis a and eccentricity e, any one of the true anomaly f , eccentric anomaly E, mean anomaly M or
time of perihelion passage Tp fully define the position of the object in the orbital plane.
Following Morbidelli (2002), in polar coordinates (r, f ), the distance to the center is given by
r = a(1 − e cos E),

(1.7)

cos E − e
.
1 − e cos E

(1.8)

G(M + m)
(t − Tp ),
a3

(1.9)

and the true anomaly
cos f =

The eccentric anomaly (and, by consequence, the true anomaly) has the time dependence given by
Kepler’s equation,
r
E − e sin E =

2 This is not the only possible transformation. For example, in Chapter 2, I will present the “telescope-centric”
coordinates {α, β, γ, α̇, β̇, γ̇} (Bernstein & Khushalani, 2000), which require a rotation, a translation and a scaling of
the Cartesian parameters.

5

1. Introduction

which, for e > 0, is usually solved numerically. The left-hand side of this equation is used to define
the mean anomaly as an angle that changes linearly in time3 ,
M ≡ n(t − Tp ),
where n ≡

p

(1.10)

G(M + m)a−3/2 is the mean motion (or orbital frequency) of the orbit.

In an orthogonal Cartesian system (q1 , q2 ) in the plane of the ellipse, where q1 is aligned with
the perihelion of the orbit (Figure 1.1), we have that
q1 = a(cos E − e),
p
q2 = a 1 − e2 sin E.

(1.11a)
(1.11b)

The time derivatives are given by
dq1
sin E
= −na
,
dt
1 − e cos E
p
dq2
cos E
= na 1 − e2
.
dt
1 − e cos E

(1.12a)
(1.12b)

The final three elements (inclination i, longitude of ascending node Ω and argument of perihelion
ω) are a set of Euler angles (see Goldstein et al., 2002, section 4.4) that describe rotations in a specific
order to place the orbit in three dimensional space. Given a coordinate system, for example, the
ecliptic system, where the x − y plane is the ecliptic plane, the origin is the barycenter of the Solar
System, and the x-axis points to the vernal equinox, i corresponds to how inclined the orbital plane
is with respect to the x − y plane. For inclined orbits, the intersections of the orbit with the x − y
plane are called the nodes, and thus, the longitude of ascending node Ω corresponds to where the
orbit passes from z < 0 to z > 0. Finally, ω is the angular position of the perihelion in the orbital
plane measured with respect to the ascending node. These are illustrated in Figure 1.2.
The three-dimensional vectors r and

dr
dt

are found by rotating their two dimensional counterparts,


r = Rxq (i, Ω, ω) q1

dr
1
= Rxq (i, Ω, ω) dq
dt
dt

q2
dq2
dt


0 ,

0 ,

(1.13a)
(1.13b)

3 Note that, as written, Equations 1.9 and 1.10 measure time with respect to the time of perihelion passage, and
not to the epoch t0 . This means that Tp is defined as the time when M = E = 0, which, as will be seen in Equation
1.11a, corresponds to the object at perihelion.
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Perihelion

Body

Orbit

Reference
direction

Reference plane

Figure 1.2 Illustration of the inclination i, longitude of ascending node Ω and argument of perihelion
ω that place an orbit in the three dimensional coordinate system, as well as its true anomaly f .
where the rotation matrix Rxq is defined by



cos Ω − sin Ω 0
1
0
0
cos ω






Rxq (i, Ω, ω) =  sin Ω cos Ω 0 0 cos i − sin i  sin ω



0
0
1
0 sin i cos i
0

− sin ω
cos ω
0


0


0 ,

1

(1.14)

corresponding to rotations about the z axis, x axis and z axis, respectively. For orbits with i ∼ 0 deg,
it is convenient to define the longitude of perihelion
$ ≡ Ω + ω,

(1.15)

since the rotations only depend on the sum of these two angles. Finally, we can define the mean
longitude
λ ≡ Ω + ω + M,

(1.16)
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which represents how far from the reference angle the object would be if it moved with uniform
speed.
These transformations conclude the {a, e, i, Ω, ω, M} → {x, y, z, vx , vy , vz } map.

The inverse transformation4 {x, y, z, vx , vy , vz } → {a, e, i, Ω, ω, M} depends on the angular momentum h (Equation 1.5) and eccentricity vectors
 2

v
1
r·v
e≡
−
r−
v
GM
r
GM

(1.17)

such that e = kek. Projecting h onto the z-axis, we define
n = ẑ × h.

(1.18)

We have that
hz
,
h
nx
,
cos(Ω) =
n
n·e
cos(ω) =
.
ne
cos(i) =

(1.19a)
(1.19b)
(1.19c)

The semi-major axis can be found by computing the energy,
1
2
v2
= −
.
a
r
GM

(1.20)

Finally, we define
h2
,
GM
p−x
x̄ ≡
,
r e
r·v
p
ȳ ≡
,
e
GM
p
b ≡ a 1 − e2 .
p≡

(1.21a)
(1.21b)
(1.21c)
(1.21d)

So that we can find the eccentric anomaly,
tan E =

ȳ/b
,
x̄/a + e

and, by Kepler’s equation (Equation 1.2), the mean anomaly M.

4 See

Bernstein & Khushalani (2000) or Beutler et al. (2004) for a full description.

(1.22)
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1.3

8

Discovery of Pluto and the Kuiper belt5

After discrepancies in Uranus’s ephemeris led to successful predictions of Neptune’s orbit and location by Le Verrier (1846a,b); Adams (1846) and its discovery by Galle (1846), other attempts at
predicting new planets in the Solar System followed (see Batygin et al., 2019, for a historical review
of such predictions). Most notable of these is the prediction of “Planet X” by Percival Lowell, based
on discrepancies in the orbits of the giant planets, leading to a search for distant Solar System
objects.
This search was successful: in 1930, Tombaugh (1946) discovered Pluto6 , an object further
from the Sun than Neptune, and that was originally thought to be Lowell’s Planet X (Slipher,
1930). Pluto, however, was small (that is, its diameter was not large enough to be resolved with
the observing capabilities of the time), and, unless its density was unusually high, it would not be
massive enough to account for the apparent remaining discrepancies in Uranus’s orbit (which are
now known to be from irregularities in observations of Neptune; see Standish, 1993).
Another, related question remained: where did comets come from? Edgeworth (1943, 1949)
investigated the potential existence of a reservoir of comets in an annulus lying on the ecliptic plane,
extending from ∼ 65 au to about 300 au. Edgeworth’s theory for the origin of the Solar System
proposed a primordial disk of gas and small particles orbiting the Sun, with the dissipation of angular
momentum of this protoplanetary disk leading for a condensation of material into subregion, and
subsequently coalesce into the major planets. The density of this protoplanetary disk would be
lower, and so the condensation processes would not have time to operate and form large objects.
This comet disk would have a mass of 0.1 − 0.3M⊕ in the form of hundreds of millions of small
bodies, and gravitational perturbations could bring those to orbits that would approach the Sun.
An independent proposal for the formation of the Solar System by Kuiper (1951) considered
a cold (5 − 10 Kelvin before the growth of the planets) disk of material extending from 38 to
50 au, that is, extending as far as Pluto’s aphelion. This temperature was low to enough for the
condensation of molecules, and so “flakes” of water vapor, methane and ammonia would have formed,
and aggregating into larger bodies with an average size of 1 kilometer, and a maximum of 100
kilometers, and a total mass of tens of Earth masses. Pluto’s orbit, sweeping from 30 to 50 au, would
5 As usual, in science, the most commonly used name for a concept does not reflect the first to propose such an
idea. As will be seen in this section, perhaps it’d be best to call the Kuiper belt region the “Edgeworth-Kuiper belt”,
and the Oort cloud should be called “Öpik-Oort cloud”. While such names appear in the literature, I will follow the
more conventionally used terms, despite their historical inaccuracy.
6 A fascinating and detailed first hand account of Pluto’s discovery and history is presented in Tombaugh & Moore
(1980).
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start the scattering of comets throughout the Solar System, making objects in near-circular orbits
become eccentric, and the stronger perturbations by Neptune would scatter these more broadly. A
small fraction of such comets would attain large values of a, and then stellar perturbations would
drive these comets into a random orientation (Oort, 1950), generating the comets.
This ecliptic disk beyond Neptune (or Pluto) is not the only possible source of comets in the
outer Solar System: Öpik (1932) proposed a cloud or shell of comets and meteors, limited by stellar
perturbations to about 106 au, with a uniform distribution of inclinations for very high aphelion
distances. The proposal by Oort (1950) builds on Öpik (1932)’s, and considers a cloud of 1011
comets with a total mass of 0.01 to 0.1M⊕ , its radius being 50 − 150 thousands of au, originated by
the scattering of objects in the asteroid belt driven by Jupiter.
Duncan et al. (1988) concluded that short period comets (P < 200 years) could not be sourced
from the Oort cloud, and proposed a more modern view of the Kuiper belt composed of ∼ 109
objects in low-e, low-i orbits near Neptune’s, and noted that such objects could be detected directly
in the optical for radii of 100 kilometers or more. Fernández & Ip (1984) proposed a mechanism
for placing these objects into the Kuiper belt: by having Uranus and Neptune in different orbits
from their current ones during the final stages of accretion, planetesimals in the protoplanetary disk
are scattered, transferring angular momentum to these giant planets, which then migrate outwards
(away from the Sun). This migration mechanism was then shown by Malhotra (1993) to also account
for Pluto’s eccentricity, inclination and orbital resonance with Neptune (see section 1.4), with its
orbit, initially circular, being captured into a resonance by Neptune’s migration, which transferred
sufficient angular momentum for Pluto’s orbit to expand with Neptune’s. A consequence of this
resonance sweeping mechanism is that many members of the Kuiper belt should also be trapped in
mean motion resonances (Malhotra, 1995).
Meanwhile, systematic searches for distant minor planets were conducted. Kowal et al. (1979)
discovered (2060) Chiron, the first Centaur, orbiting between Saturn and Uranus, but no objects
beyond Neptune. The searches of Luu & Jewitt (1988), Levison & Duncan (1990), Cochran et al.
(1991) and Tyson et al. (1992) were also unsuccessful in discovering the first (non-Pluto) Kuiper
belt object, until Jewitt & Luu (1993) announced the discovery of (15760) 1992 QB1 in a low-e,
low-i orbit beyond Neptune (q ∼ 41 au), soon followed by 1993 FW, thus confirming the existence
of the Kuiper belt.
The following sections will present a modern view of the trans-Neptunian region. A more detailed
historical account of the theoretical and observational development of the Kuiper belt can be found
in Davies et al. (2008) and Fernández (2020).
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1.4

Dynamical classes of trans-Neptunian objects

The complicated dynamics of bodies in the trans-Neptunian region were already known even prior
to the discovery of 1992 QB1 . Cohen & Hubbard (1965) first noted that Pluto was in a 3:2 mean
motion resonance with Neptune: for every two orbits Pluto completed, Neptune completed exactly
three, that is, 2PP = 3PN , or, equivalently, aP = aN (3/2)2/3 (as per Equation 1.2), and thus its orbit
is protected from close encounters with Neptune, even though the orbit intercepts the planet’s, as
illustrated in Figure 1.3. As more objects were discovered, a few different orbital groupings became
apparent (Gladman et al., 2001). Elliot et al. (2005), Lykawka & Mukai (2007) and Gladman et al.
(2008) were the first efforts for large-scale dynamical classification of these objects based on longterm N -body integrations of their best-fit orbits, with the latter classification scheme becoming
widespread in the literature. I will present the nomenclature by Gladman et al. (2008), as well as
the modifications by Khain et al. (2020).
• Resonant objects are trapped in a mean-motion resonance with Neptune. A p:q (p, q ∈ N),
resonance means that there are p orbital periods of Neptune for every q orbital periods of the
object, and so a ∼ aN (p/q)2/3 . This is usually identified by a resonant argument, which, in
the most general case (Elliot et al., 2005), is of the form:
φp:q = pλ − qλN + m$ − r$N + nΩ − sΩN ,

(1.23)

where m, n, r, s ∈ Z and p − q + m − r + n − s = 0. The strength of this resonance, that is,
the change in the gravitational potential due to this resonance when compared to the secular
|r|

motion, is proportional to e|m| eN (sin i/2)|n| (sin iN /2)|s| (Murray & Dermott, 2000; Elliot et al.,
2005).
A resonant object has this angle librate, meaning that it has bounded oscillations in time (see
Figure 1.3). Objects in the following resonances receive “special” names:
– Plutinos, objects in the 3:2 resonance, similar to Pluto;
– Twotinos, objects in the 2:1 resonance;
– Neptune Trojans, objects that are in the 1:1 resonance with Neptune (residing in the
Sun-Neptune Lagrange points L4 and L5 ).
• Centaurs, objects that experience strong interactions with the giant planets and whose orbits
are interior to Neptune, but whose perihelia are sufficiently high that they are not coupled
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to Jupiter. Gladman et al. (2008) restricts these to a < aN (objects interior to Neptune),
while Khain et al. (2020) proposes the subdivision “inner” (a < aN ) and “outer” (a > aN , but
q < aN ) division to include objects whose semi-major axes are higher than Neptune’s orbital
radius, but that still intercept its orbit.
• Scattered or scattering objects form the “scattered disk”, objects with large e and q close
to Neptune. These objects are actively undergoing rapid evolution in a due to Neptune’s
influence, occupying a large range of semi-major axes. The outer Centaurs of Khain et al.
(2020)’s classification correspond to scattering objects in Gladman et al. (2008)’s;
• Detached objects, objects with higher perihelia that become dynamically uncoupled from Neptune7 . The boundary between the scattering disk, the detached objects and the outer edge of
the Classical belt is unclear. Typically, detached objects have higher eccentricities (e > 0.24)
and are exterior to the 2:1 resonance (a > 47.7 au). However, some detached objects undergo
a evolution, but not enough to trigger whatever “scattering” threshold is being used in the
classification.
• Oort cloud objects have a > 2000 au. These objects have their perihelia and inclinations altered
by the Galactic tidal field and passing stars (Dones et al., 2004). Some detached objects with
high a (a & 500 au) are occasionally called “inner Oort cloud” objects (IOCs);
• Classical belt objects are those who do not fit any of the previous categories, that is, are
non-resonant, non-scattering, low-e objects. The classical belt can be subdivided in a few
different ways, for convenience rather than for significant dynamical difference: first, into an
“inner” region, with a < 39.4 au (that is, interior to the 3 : 2 resonance), “outer” (a > 48.4 au,
exterior to the 2:1 resonance), and “main” belt between these two. A second useful subdivision
is between the “cold” (i < 5◦ ) and “hot” (i > 5◦ ) populations. The classical objects are
occasionally called Cubewanos, due to their similarity to 1992 QB1 .
Figure 1.4 illustrates this classification scheme.

7 These have also been called members of the “extended scattered disk”, but this terminology assumes that these
objects were emplaced in their current orbits by scattering, which might not always be the case.
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Figure 1.3 Illustration of the 3:2 and 10:3 resonances of the dwarf planets Pluto and Gonggong,
respectively. The upper panel shows the resonance argument φp:q librating in a 106 year orbit
integration (see Section 4.4.1 for details) of the Solar System with these dwarf planets as massless
particles and Jupiter, Saturn, Uranus and Neptune as active particles. The bottom panel shows
the X and Y coordinates of the orbit in a similar 104 year integration of each dwarf planet in a
coordinate system that follows Neptune’s mean motion (as is standard in the circular restricted
three body problem, Murray & Dermott, 2000).
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Figure 1.4 Semi-major axis a and eccentricity e of the TNOs of Bernardinelli et al. (2020a) (Chapter
2, adapted from Figure 2.17) with a < 100 au, showing the different dynamical classes of the transNeptunian region, following the classification of Gladman et al. (2008). The dashed lines represents
the locations of mean motion resonances with Neptune, and the solid lines represent constant q.
The approximate location in a − e space of each dynamical class is illustrated by the shaded regions.
Note that the boundaries of these classes are not “fixed”, but require a dynamical test, so objects
occasionally lie outside the “designated” region of its dynamical class.

1.5

Surveys of the trans-Neptunian region

1.5.1

Bulk properties

As of January 21st , 2021, there are 3561 objects in the Minor Planet Center8 with a > 30 au, the
combined results of efforts by many different surveys (see Kavelaars et al., 2008; Bannister, 2020,
for comprehensive listings of these projects). The process of discovering Solar System objects has a
few unique challenges:
• Planets, asteroids and TNOs move with respect to the background of stars, so further observations of an object need to target different regions of the sky. A TNO at a distance of 30 au
has a typical rate of motion of 400 /hour. Classically, surveys of the Kuiper belt tend to have
8 https://minorplanetcenter.net/
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triplets of exposures in the same night, so the motion of an object can be easily spotted;
• These objects can only be seen in the optical via reflected solar light, so their flux
F ∝

pD2
,
r 2 ∆2

(1.24)

where D is the object’s diameter, r the Sun-object distance, ∆ the observer-object distance
and p the albedo, a measure of how much light is reflected by the surface. For TNOs, r ≈ ∆,
so F ∝ r−4 . This means that for a fixed distance r, it is easier to find larger objects than small

objects. Such steep dependence on distance also complicates the discovery of eccentric orbits,
which are brighter at their perihelia. This means that objects in resonance with Neptune (see
section 1.4) are more commonly found in specific locations of the sky (Gladman et al., 2012);
• The Kuiper belt (similar to the asteroid belt) is not uniformly distributed in the sky. The majority of objects lie on the ecliptic plane, and there are very few objects with high inclinations,
and even those spend a fraction of their time near the ecliptic plane (e.g. Brown, 2001).
As more objects were discovered, some features of the trans-Neptunian region started to become
apparent. Jewitt & Luu (1995) reported the discovery of 1993 RO, SB and SC, whose a were similar
to Pluto’s, potentially being in the same 3:2 resonance as this larger object. Duncan & Levison
(1997) posed the existence of a disk of scattered objects, motivated by the discovery of the eccentric
(15874) 1996 TL66 (a ∼ 84 au and e ∼ 0.58, Luu et al., 1997). The discovery of the high-q objects
(148209) 2000 CR105 (a ∼ 222 au, q ∼ 44 au, Gladman et al., 2002) and 2004 XR190 (a ∼ 57 au,
q ∼ 51 au, Allen et al., 2006) hinted at a new population of dynamically detached objects, possibly
being an extension of the scattered disk. Objects in significantly more distant orbits have also been
found, with Sedna (Brown et al., 2004), an object with very high perihelion (q ∼ 76 au) and semimajor axis (a ∼ 506 au), being potentially the first discovered member of the inner Oort cloud (a
further discussion of this population is presented in Section 1.7).
Brown (2001) used data from the Minor Planet Center to constrain the inclination distribution
of TNOs, showing that it can be described as a sum of two Gaussian distributions (a low inclination,
i ∼ 2◦ , dynamically “cold” component, and the high inclination, i ≥ 5◦ , “hot” component), a result
further confirmed by the Deep Ecliptic Survey (Millis et al., 2002; Elliot et al., 2005). Allen et al.
(2001, 2002) noted the lack of objects in circular orbits beyond 50 au, excluding the existence of a
densely populated dynamically cold disk past the Kuiper belt.
Further substructure has been found in the classical trans-Neptunian region, with the dynamically cold population being divided into a “stirred” component, covering approximately the range
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from 42 to 47 au with higher eccentricities, and a “kernel” population centered at 44 au with nearlycircular orbits (Petit et al., 2011; Bannister et al., 2016a). Objects in the dynamically detached
population have been found in semi-major axes near high-order resonances (n:1, n > 2), suggesting
that these are dropouts from Neptune’s migration (Sheppard et al., 2016; Lawler et al., 2018b). A
wide variety of objects were found in mean motion resonances with Neptune, with the 1:1 resonance
(Neptune Trojans, Chiang et al., 2003) as far as the 9:1 resonance (Volk et al., 2018) populated by
TNOs.
Much effort has been put into measuring the size distribution of TNOs (Gladman et al., 1998,
2001; Trujillo et al., 2001; Bernstein et al., 2004; Elliot et al., 2005; Petit et al., 2008; Fuentes &
Holman, 2008; Fuentes et al., 2009; Fraser et al., 2008, 2010, 2014; Alexandersen et al., 2016; Lawler
et al., 2018c). Since most objects can’t be resolved, the object’s brightness (or magnitude) is used
as a proxy, that is, the size and albedo of an object are degenerate, and so, an optical measurement
by itself does not constraint the size of an object. In astronomy, the typical quantity of interest is
the magnitude m, a logarithmic measure of the flux. It’s particularly useful to define the absolute
magnitude
H = m − 5 log10 (r∆),

(1.25)

the magnitude an object would have if it were 1 au away from the Sun and from the observer.
Early observations indicated that a single power-law luminosity function described the observed
Kuiper belt, that is, there are more fainter objects than brighter objects, with Gladman et al. (1998)
concluding that the population size of the Kuiper belt was in agreement with the expected for shortperiod comets. The survey of Bernstein et al. (2004) found a lack of detections of small objects, with
3 detections instead of the dozens expected from the extrapolated power-law, and proposed a break
in the size distribution of TNOs (for diameters D ∼ 100 km). This survey also showed that the
excited and cold components of the Kuiper belt had distinct size distributions, a result confirmed
and expanded upon by further surveys (e.g. Fuentes & Holman, 2008; Fuentes et al., 2009; Fraser
et al., 2014). Alexandersen et al. (2016) rejected the single power-law model for Plutinos, and Lawler
et al. (2018c) showed that the scattered disk also has a transition in the size distribution, but could
not constrain its form. Further results from the NASA New Horizons probe (Stern et al., 2015)
flyby of Pluto showed a deficit in counts of small craters (corresponding to D ≤ 2 km), showing a
further break in the size distribution (Singer et al., 2019).
The population of cold classical TNOs also has a significant fraction (∼ 10%) of binary objects,
although this fraction might depend on the object size (Pike et al., 2020). Noll et al. (2008, 2020)
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discuss the presence of binaries in the trans-Neptunian region.

It is also worth noting that a significant number of large objects have been discovered. The
discoveries of Quaoar (Trujillo & Brown, 2003), Sedna (Brown et al., 2004) and Eris (Brown et al.,
2005), the latter having a diameter similar to Pluto, led to a debate and eventual redefinition of
the concept of a “planet”9 , introducing the concept of dwarf planet and “demoting” Pluto to this
new object class. Further surveys have targeted bright objects specifically (e.g. Schwamb et al.,
2010; Brown et al., 2015), covering wide areas and a large range of inclinations, and surveys that
reach fainter magnitudes have found dwarf planet candidates past 50 au (e.g. Bannister et al., 2016b;
Gerdes et al., 2017; Holman et al., 2018b).

1.5.2

Surfaces of trans-Neptunian objects

In addition to a potential size estimate, photometric measurements of TNOs in different optical
wavelengths (that is, using different bands/filters) also provide information of the composition of an
object’s surface. Considering bands a and b, the difference in magnitude b − a (“color”) corresponds
to the (logarithm of the) observed flux ratio,
b − a = −2.5 log10
and, since the solar flux F

Fb
Fb, pb
pb
= −2.5 log10
= −2.5 log10
+b −a ,
Fa
Fa, pa
pa

(1.26)

is known, the color corresponds to a difference in reflectance (the ratio

of the albedos pa and pb in bands a and b) of the surface material as a function of wavelength.
The surface composition (and, therefore, the colors) of TNOs have a strong dependence on object
size (Barucci et al., 2008; Brown, 2012; Barucci & Merlin, 2020), with larger objects being able to
retain volatile materials, such as nitrogen and methane, while medium-sized objects are not able
to retain these volatiles, so their surfaces are dominated by water-ice and ammonia. Small objects
have more complicated surfaces, including ice and silicate materials.
Luu & Jewitt (1996) found that Centaurs and TNOs had “red” colors, that is, having a color
excess when compared to the solar color index, and that such colors were not compatible with colors
found in asteroids. Tegler & Romanishin (1998) were the first to show that there are two distinct
surface types in the Kuiper belt, showing objects clumping in different regions of the B − V and
V − R space, although this result was initially contested (Barucci et al., 2001; Delsanti et al., 2001).
Hainaut & Delsanti (2002) presented a thorough statistical analysis of a sample of 104 minor
planets, and found no correlation of color with orbital parameters with the exception of a correlation
9 See

IAU Resolutions B5 and B6, 2006: https://www.iau.org/static/resolutions/Resolution_GA26-5-6.pdf
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between the classical population’s colors and inclinations and colors and eccentricity, showing that
dynamically colder objects have redder colors. The compositional survey of Doressoundiram et al.
(2002, 2005) also found statistically significant correlations between inclination and colors and orbital
exctitation and colors for classical objects10 . Such correlations were further examined by Peixinho
et al. (2015), finding a moderate correlation between color indices and inclination or orbital excitation
for classical TNOs, Wong & Brown (2017) showing a bi-modality in the color distribution of the
hot classical TNO population, and Marsset et al. (2019), finding a bi-modality in the distribution
of colors as a function of inclination, comparable to Centaurs (Tegler et al., 2016). Similar results
have also been found in Terai et al. (2018).
Barucci et al. (2001, 2005) and Fulchignoni et al. (2008) proposed a taxonomic scheme that
categorized TNO surfaces into four different groups ranging from “neutral” (close to solar) to “very
red” colors, corresponding to different surface compositions and evolution for each taxa. Dalle Ore
et al. (2013) presented a similar analysis to Barucci et al. (2005) but also included albedo data,
finding 10 taxa and relating these to distinct compositions.
Fraser & Brown (2012) and Fraser et al. (2015) found a bifurcation (that is, two surface types)
in the color distribution of TNOs and Centaurs, and proposed a compositional model in which these
surfaces are described by a mixture model with two components, one of these being shared among
the two surface classes. Pike et al. (2017b) proposed a third surface type, differentiating the surfaces
of excited objects from those of the dynamically cold TNOs.
Such correlations and distinct surface types indicate that objects with different orbital properties
had their origin in different regions of the protoplanetary disk that gave origin to the Solar System,
as the abundance of material and differences in temperature vary as a function of distance from the
Sun (e.g. Schwamb et al., 2019). Such tests place constraints on the structure of the protoplaneraty
disk, and models of Solar System formation must not only reproduce the orbital structure of the
trans-Neptunian region, but also need to account for such similarities and differences in surface
types.

1.5.3

Contemporaneous surveys

I will conclude this overview of observations of the trans-Neptunian region by listing large scale
on-going or recently completed surveys with published detections:

10 Doressoundiram

et al. (2008) presents a thorough review of these early compositional surveys.
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• The survey of Trujillo & Sheppard for distant (d > 50 au) TNOs, targeted at detached TNOs
and inner Oort cloud candidates (Trujillo & Sheppard, 2014; Sheppard & Trujillo, 2016; Sheppard et al., 2016, 2019);
• The compositional survey of Wong & Brown (2017), detecting single-night arcs of 356 TNOs
in two different bands;
• The Hyper Suprime-Cam Subaru Strategic Program, finding 231 TNOs and Centaurs (Chen
et al., 2018; Lin et al., 2018; Terai et al., 2018);
• The Outer Solar System Origins Survey (OSSOS, Bannister et al., 2016a, 2018), which builds
upon the Canada-France Ecliptic Plane Survey (CFEPS, Petit et al., 2011, 2017) and the
survey of Alexandersen et al. (2016), with 838 objects. This survey also has a compositional
branch, with follow-up multi-band observations of many of its objects (Col-OSSOS, Schwamb
et al., 2019);
• The Panoramic Survey Telescope and Rapid Response System (Pan-STARRS1, Weryk et al.,
2016), with 629 objects;
• The survey of Whidden et al. (2019), finding 39 objects in data from the High Cadence
Transient Survey (HiTS, Förster et al., 2016);
• The survey of Pike et al. (2020) specifically searching for binary TNOs, finding 60 objects (and
one binary);
• The Dark Energy Survey (DES, The Dark Energy Survey Collaboration, 2005, 2016), with a
comprehensive catalog of 316 objects (Bernardinelli et al., 2020a, presented in Chapter 2) and
769 objects (presented in Chapter 4) and various other objects reported (Khain et al., 2020).
Of course, this thesis presents the methodology that led to these catalogs!

1.6

Formation of the outer Solar System

The properties of the trans-Neptunian region show a very strong deviation from the disk of low-e,
low-i objects imagined by Edgeworth or Kuiper. This means that the formation history of this
region requires strong interactions between the planets and the planetesimals after their formation
(e.g. Morbidelli et al., 2008). The idea of planetesimal driven migration of Fernández & Ip (1984)
and the resonance sweeping of Malhotra (1993, 1995) fits naturally into this scheme, with the

19

1. Introduction

current formation models being expanded upon these early results. Chiang et al. (2003) and Hahn
& Malhotra (2005) showed that Neptune’s migration into a disk of previously dynamically excited
planetesimals could account for the capture of planetesimals into resonances other than the 3:2 and
2:1.
The resonant dynamics also alters the eccentricities and inclinations of planetesimal. On time
scales much larger than the orbital periods of the planetesimal and Neptune, the z component of
the angular momentum
hz =

p

1 − e2 cos(i)

(1.27)

is constant (Lidov, 1962; Kozai, 1962), leading to oscillations of e and i to maintain hz . As Neptune
migrates, the resonant structure changes, and an object in a low-e, high-i mode might become
decoupled from Neptune’s influence, being a potential mechanism for the high-inclination population
of TNOs (Gomes, 2003).
The Nice model proposes a general framework for the formation of the Solar System, attempting
to explain the trans-Neptunian region (Tsiganis et al., 2005), cratering records on the Moon (Gomes
et al., 2005) and the population of Jupiter Trojans (Morbidelli et al., 2005). This model assumes that
the planets formed on coplanar and circular orbits, with Jupiter farther from the Sun than its present
orbit, while Saturn, Uranus and Neptune were closer than now. The migration by planetesimals
works as a dynamical friction that induces the migration, and while the orbits of the planets change,
the giant planets cross their mutual mean motion resonances, which excites their eccentricities. This
model qualitatively describes the Kuiper belt (Levison et al., 2008), but does not provide a unique or
realistic initial state for the planets (Nesvorný & Morbidelli, 2012), that is, this model can reproduce
many observed structures of the trans-Neptunian region, but there are many sets of initial conditions
(such as initial semi-major axes of the planets, or even the inclusion of one or two additional giant
planets in the protoplanetary disk) that achieve the same result. The scattered disk and the Oort
cloud are formed in the Nice model scenario (Brasser & Morbidelli, 2013; Pike et al., 2017a), with
the population of comets being sourced from the primordial trans-Neptunian region.
Nesvorný & Morbidelli (2012) and Batygin et al. (2012) show that by including a fifth giant
planet in the Solar System that is then ejected during migration leads to an adequate formation of
the outer Solar System. Nesvorný (2015a) showed that the kernel of the Kuiper belt could be formed
by a close encounter between Neptune and this possible fifth planet, causing Neptune’s semi-major
axis to “jump” by a fraction of au, and then migrating (slowly) to its current orbit.
Parker & Kavelaars (2010) noted that the presence of wide binary objects in the cold classical
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region implies either that the cold Kuiper belt formed in situ or was implanted by a gentle mechanism,
since close encounters by Neptune would destroy such binaries.
Dawson & Murray-Clay (2012) showed that the structure of the Kuiper belt could be reproduced
by a period where Neptune’s orbit reaches high eccentricities, transporting the hot population of
the Kuiper belt from the inner Solar System to this outer region, and assuming an in situ formation
for the cold population. Nesvorný (2015b) showed that if the timescale for Neptune’s migration
was slow (e-folding timescale τ > 10 Myr), the inclination distribution of Plutinos and hot classical
TNOs is reproduced (the formation of hot classicals by slow migration was demonstrated by Brasil
et al., 2014), and the cold classical region is preserved, albeit producing a larger number of resonant
objects than is observed. This problem was solved by inclusion of a substantial number of Pluto-mass
objects in the protoplanetary disk during this “grainy” migration (Nesvorný & Vokrouhlický, 2016),
a population that is then ejected from the Kuiper belt. A slow and grainy timescale produces highinclination, high-perihelion objects near high-order resonances (Kaib & Sheppard, 2016; Nesvorný
et al., 2016), although such results have also been reproduced for “smoother” migration simulations
(Pike & Lawler, 2017).
The more distant populations of the outer Solar System require other mechanisms to be formed
(Gomes et al., 2008; Kavelaars et al., 2020), and can help constrain the birth environment of the
Solar System (see review in Adams, 2010). Close encounters between the Solar System and other
stars could lead to the capture of objects in the inner Oort cloud (Jı́lková et al., 2015; Pfalzner et al.,
2018), and Galactic tides can influence the orbits of distant objects in very long timescales (Duncan
et al., 2008; Bannister et al., 2017). Finally, some of the most distant objects in the Solar System
might also be affected by a massive, undetected planet (see discussion in Section 1.7).
More thorough reviews of the different formation processes at play in the trans-Neptunian region
and the scattered disk are presented in Morbidelli (2005); Morbidelli et al. (2008); Nesvorný (2018);
Morbidelli & Nesvorný (2020).

1.7
1.7.1

Unseen planets in the Solar System
Orbital clustering of extreme TNOs

The discovery of 2012 VP113 by Trujillo & Sheppard (2014) led to the observation that the sample
of TNOs with a > 150 au and q > 30 au (“extreme” TNOs, Figure 1.5) seemed to be clustered
around ω ∼ 0◦ . They argued that such a clustering was statistically unlikely and possibly not a
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Figure 1.5 Ecliptic plane projection of the orbits of the 30 currently known (February 9, 2021)
objects with a > 150 au, q > 30 au with reliable orbits in the Minor Planet Center. Orbits in red
have 150 < a < 250 au, while those in blue have a > 250 au. Dashed lines represents orbits with
q < 37 au, and so the orbits might still have significant influence from Neptune (orbit represented
in cyan), and solid lines show orbits with q > 37 au.
product of observational bias, and proposed that a distant (a ∼ 200 au) planet with several Earth
masses could maintain the argument of perihelion of such objects around zero, provided that some
other mechanism (such as another planet and/or a close stellar encounter) previously aligned these
objects11 . A further analysis by Batygin & Brown (2016a) argued that, for objects with a > 250 au,
11 An interesting curiosity is that this is not the first planetary proposal that attempts to explain extreme TNOs.
For example, Gomes et al. (2006) proposed a Jupiter to Neptune mass distant planet to explain the orbits of objects
such as Sedna and (148209) 2000 CR105 .
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there is an apparent clustering not only in ω, but also in Ω between about 90◦ and 270◦ , determining
the direction of the orbital pole, and $ in the 0◦ to 90◦ range, constraining the apsidal orientation
of the orbits. Such grouping indicates a physical alignment of the orbits, a surprising phenomenon
since, over the age of the Solar System, the gravitational influence of the giant planets should
randomize the orbital angles (ω and $) of such objects. The proposed dynamical mechanism for
stabilizing these angles is the presence of a ∼ 10M⊕ planet on a distant (a ∼ 500 au) and eccentric
(e ∼ 0.6) orbit (“Planet 9”). This putative planet can also produce high inclination objects (Batygin
& Brown, 2016b; Batygin & Morbidelli, 2017), and possibly explain the obliquity of the Sun (an
offset in the axis of rotation of the Sun compared to the invariable plane of the Solar System Bailey
et al., 2016; Lai, 2016; Gomes et al., 2016). A thorough review of this hypothesis is presented in
Batygin et al. (2019).

1.7.2

Observational evidence for Planet 9

Attempts have been made to locate this planet, or, at least, detect its gravitational influence, but
so far the results have been negative. Holman & Payne (2016a) examined historical data for Pluto
and other TNOs to search for a potential gravitational signal from this planet, concluding that the
effect of such a planet is indistinguishable from systematic errors in data. Fienga et al. (2016) and
Holman & Payne (2016b) used data from the Cassini spacecraft for a similar gravitational test,
placing limits on its on-sky location. Cowan et al. (2016) and Baxter et al. (2018) proposed the use
of cosmic microwave background experiments to search for thermal emissions of Planet 9. Meisner
et al. (2018) used data from the WISE and NEOWISE infrared experiments in a targeted search for
Planet 9-like signals. Brown & Batygin (2016) and Trujillo (2020) review these efforts for locating
this hidden planet.
As more extreme TNOs were discovered (Bannister et al., 2016a, 2018; Sheppard & Trujillo,
2016; Becker et al., 2018; Khain et al., 2018, 2020; Sheppard et al., 2019; Bernardinelli et al., 2020a),
more detailed statistics of the angular clustering of eTNOs were developed. A thorough review of
such statistics are presented in Kavelaars et al. (2020) and Trujillo (2020).
Lawler et al. (2017) explored the dynamical signature of Planet 9 in the spatial and orbital
distribution of TNOs, and showed that in some scenarios that, while such a planet would produce
a different q and i distribution than that of a Solar System without Planet 9, their work did not
reproduce the orbital clustering in ω, Ω and $.
Shankman et al. (2017) presented an analysis of the OSSOS eTNOs (Bannister et al., 2016a, 2018)
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by using a synthetic model of the extreme TNO population accounting for the survey’s observational
biases, showing that the observational biases for such eccentric orbits are more complicated than
initially assumed and concluded that no intrinsic clustering in ω, Ω or $ is present in this survey’s
8 eTNOs, a result that has been reproduced in Bannister et al. (2018) with one additional object.
de la Fuente Marcos & de la Fuente Marcos (2017) proposed a potential bi-modality in the nodal
distances of the eTNOs as a dynamical signature of Planet 9, as a dynamical analogue for the nodal
distance distribution of comets and Centaurs as influenced by Jupiter.
Brown (2017) and Brown & Batygin (2019) presented an analysis of the sample of 10 and 14
eTNOs in the Minor Planet Center (MPC), respectively, and used information from other objects
published by their respective discovery surveys in a process of“self-debiasing”, and concluded that
there’s a 1.2% (Brown, 2017) and 0.2% (Brown & Batygin, 2019) chance of this clustering happening
by accident. Brown (2017) focused on the clustering in $, while Brown & Batygin (2019) analyzed
the orbital pole clustering using a set of four dimensional Poincaré variables to test this signal. A
similar result has been achieved in Clement & Kaib (2020), who used the same set of variables to
measure the clustering in both real data and realistic dynamical simulations, finding that the sample
of 17 eTNOs they analyzed is inconsistent with a uniform distribution.
Sheppard et al. (2019) announced the discovery of another high perihelion object, 2015 TG387 ,
and found a modestly significant signal for longitude of perihelion clustering for the three and four
highest-q objects. They also report a more significant signal using all then-known eTNOs, however,
such analysis ignored the observational biases for each object’s discovery.
Finally, the analysis of Trujillo (2020) proposes a geometrical alignment metric and uses it to
show that high perihelion objects deviate from a uniform populations towards higher semi-major
axes. This analysis, however, does not account for each object’s discovery biases.
I presented my own analysis of the 7 DES eTNOs in Bernardinelli et al. (2020b), finding that the
observed angular distribution is indistinguishable from an underlying isotropic distribution when
observational biases are considered. Chapter 3 presents this work. A further analysis by Napier
et al. (2021) combines data from the DES, OSSOS and the survey of Trujillo & Sheppard, also
demonstrating a null result.

1.7.3

Alternative explanations

There are other scenarios that have been proposed as alternatives for Planet 9. Shankman et al.
(2017) and Bernardinelli et al. (2020b) do not find the clustering signal in their data, and so one
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possible explanation is that Planet 9 does not exist. Of course, these two results have a small
number of objects, and so whatever signal Planet 9 produces might not be detectable with such a
low number of objects.
An interesting proposal suggested that Planet 9 might not be a planet, but rather a primordial
black hole (Scholtz & Unwin, 2020). While this proposal has the potential for other confirmations
methods distinct from a direct detection of this object, the gravitational influence on eTNOs is
essentially the same as in the “regular” Planet 9 hypothesis.
The inclination instability hypothesis (Madigan & McCourt, 2016) proposes that a massive
(∼ 10M⊕ ), primordial and distant (q ∼ 100 au) disk of small objects could drive the clustering in ω
and $, as well produce a gap in the perihelion distribution for TNOs (Zderic & Madigan, 2020).
It is also worth mentioning that the Planet 9 of Batygin & Brown (2016a) is not the only recent
unseen planet proposal. Volk & Malhotra (2017) proposed a closer (a . 100 au) and less massive
(M < 2.4M⊕ ) planet as a potential mechanism for tilting the mean plane of the Kuiper belt, which
seems to deviate from what is expected given the known planets in the Solar System.

1.8

Thesis outline

In this thesis, I present the methodology I developed to search for TNOs in the first four years of
the Dark Energy Survey, as well as the catalog of 316 objects found in this data in Chapter 2. I
build upon this methodology in Chapter 4, where I present the search over the entirety of the DES
data and present a catalog of 769 TNOs. My analysis of the DES extreme TNOs and their relation
to the Planet 9 hypothesis is discussed in Chapter 3, where I conclude that the null hypothesis that
the DES eTNOs are not clustered cannot be rejected. Chapter 5 concludes by showing that this
catalog can be explored even further, and discusses some of the upcoming projects in the field.

Chapter 2

Trans-Neptunian Objects in the first four
years of the Dark Energy Survey
This chapter has been published as Pedro H. Bernardinelli et al 2020 ApJS 247 32 (Bernardinelli
et al., 2020a).

2.1

Introduction

Trans-Neptunian objects (TNOs) are probes of the dynamical and chemical history of the solar
system. These planetesimals are relics of major dynamical events among and beyond the giant
planets, with the current observed orbital distribution of the Kuiper Belt being a signature of large
scale changes in the positions of the giant planets (Fernández & Ip, 1984; Malhotra, 1993; Duncan
et al., 1995; Hahn & Malhotra, 2005; Tsiganis et al., 2005; Levison et al., 2008; Nesvorný, 2015b;
Nesvorný & Vokrouhlický, 2016; Kaib & Sheppard, 2016). By constraining the detailed structure
of the multiple populations in the distant solar system (see Gladman et al., 2008, for a review), one
can further probe numerous dynamical processes, such as instabilities in Neptune’s orbit (Dawson &
Murray-Clay, 2012), interactions between these planetesimals and Neptune (Gomes, 2003; Morbidelli
et al., 2008), the presence of distant planetary-mass perturbers (Trujillo & Sheppard, 2014; Batygin
& Brown, 2016a; Volk & Malhotra, 2017), the effect of close stellar encounters (Jı́lková et al., 2015),
the birth cluster of the Solar System (Adams, 2010; Brasser & Schwamb, 2014), and perturbations
from Galactic tides (Duncan et al., 2008; Bannister et al., 2017).
Searches for TNOs face a trade-off between depth and search area. As the resources available
for TNO searches, quantified by the product of (FOV) × (telescope area) × (observing time),
have increased due to improved detector technology, the envelope of searches in the depth-area
25

2. TNOs in the first four years of DES

26

plane has expanded. Dedicated TNO surveys using large-format CCD cameras on 4- or 8-meterclass telescopes now cover hundreds to thousands of square degrees (Bannister et al., 2016a; Weryk
et al., 2016; Bannister et al., 2018; Chen et al., 2018; Sheppard et al., 2019). The Dark Energy
Survey (DES ) was allocated 575 nights of time on the 4-meter Blanco Telescope in Cerro Tololo
over 6 seasons from 2013–2019, with the primary goals of characterizing the distribution of dark
matter and the nature of the Hubble acceleration (The Dark Energy Survey Collaboration, 2018a,b,
2019a,b,c). The survey strategy is, nominally, to image the same contiguous 5000 deg2 patch of highGalactic-latitude Southern sky in five optical/NIR bands each year. While not optimized for TNO
discovery, the survey is nonetheless capable of pushing out the depth/area envelope of TNO searches,
particularly for high-inclination TNOs. The Dark Energy Camera (Flaugher et al., 2015, DECam),
with its 3 deg2 field of view and 520 Mpix science array, is a powerful instrument for survey science.
Among previous large-scale surveys optimized for TNO detection is the Deep Ecliptic Survey (Elliot
et al., 2005). We caution the reader that, although the acronym DES is the same as our survey
and both surveys made use of the Blanco telescope, there is no connection with the work presented
herein. The Dark Energy Survey wide survey covers 10× more area with ≈ 1 mag deeper TNO
detection threshold than the Deep Ecliptic Survey, using ≈ 5 times more nights of 4-meter time, a
consequence of the higher quantum efficiency and larger field of view offered by DECam. Discoveries
of individual objects of interest have been reported from the DES data (Gerdes et al., 2016, 2017;
Becker et al., 2018; Khain et al., 2018; Lin et al., 2019) as well as from DECam observations allocated
for directed TNO searches (Trujillo & Sheppard, 2014; Sheppard et al., 2016; Sheppard & Trujillo,
2016; Sheppard et al., 2018). Astrometric data from DES observations of known TNOs have been
incorporated into forecasts of future occultation events by Banda-Huarca et al. (2019).
Here we provide the first comprehensive inventory of TNOs detected in the DES observations,
from analysis of the first 4 seasons. We also describe the improvements that are expected when the
full survey data are searched (the final observations were in January 2019).
Surveys designed to detect TNOs almost invariably schedule pairs of observations of a sky region
with time intervals that are at least an hour, but less than about a day, apart (e.g. Jewitt & Luu,
1993; Allen et al., 2001; Trujillo & Brown, 2001; Bernstein et al., 2004; Elliot et al., 2005; Jones et al.,
2006; Fraser et al., 2010; Schwamb et al., 2010; Petit et al., 2011; Rabinowitz et al., 2012; Bannister
et al., 2016a; Sheppard et al., 2016; Alexandersen et al., 2016; Weryk et al., 2016; Chen et al., 2018)
[note that Tombaugh (1946) used a few-day interval]. In this regime, the apparent motion of a
TNO is large enough to be readily identified in ≈ 100 seeing, but the motion is small enough (. 10 )
that two detections of the same TNO are readily identified as such. The rate of such nearby pairs
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that are not TNOs is small (e.g. a single asteroid near turnaround, or coincident detections of two
distinct asteroids). Most large-scale small-body search algorithms rely on the initial identification
of such pairs (e.g. Denneau et al., 2013; Holman et al., 2018a).
The DES observing strategy specifically avoids repeat observations of the same filter/field combination on the same night, so that the variations in weather are spread across the survey footprint,
and the final survey is more valuable if it is more homogeneous. There is, therefore, no useful way
to distinguish TNOs from asteroids in the catalog of > 20 million transient unresolved DES sources.
In this paper, we define a transient to be a source that appears in the sky in a given location on only
a single night, thus including both moving objects and (non-repeating) variable sources. We must,
like Perdelwitz et al. (2018), devise algorithms for linking together those detections corresponding to
the same TNO. The linking process, while harder than for a TNO-optimized survey, is fully feasible
with proper use of spatial-temporal tree structures for the transients, e.g. as in Kubica et al. (2007).
A high-efficiency and high-purity search of the DES data is possible because any given TNO is
targeted nominally twice per filter per season. This highly redundant search, while not maximizing
the number of TNO discoveries per observation, does mean that the DES cadence automatically
yields high-quality orbits and multi-band magnitudes for nearly all detected TNOs.
Another difference between the DES survey and those designed for TNO detection is that most
of the DES footprint is at high ecliptic latitudes (Figure 2.1). This will allow the DES to obtain
stronger constraints on the high-inclination population.
Section 2.2 summarizes the observations and image processing procedures of the DES, details the
extraction of a catalog of transient sources from these data, and evaluates the detection thresholds
in the individual exposures. Section 2.3 presents the algorithms used to identify TNOs from the
catalog of single-epoch transients, including quantification of the rate of false-positive linkages.
Section 2.4 defines the “sub-threshold significance” statistic: we examine images that cover the
putative object’s orbit, but did not yield a detection. A real object will be present but with signal
lurking below detection threshold, while a spurious linkage will have zero signal on these unlinked
images. Section 2.5 evaluates the effectiveness of the search through insertion of synthetic TNOs
into the transient catalog. The catalog of secure Y4 DES TNO detections is presented in Section 2.6.
In Section 2.7, we summarize and highlight the improvements to be expected from next DES TNO
catalog release. This will make use of the full DES observation set, yielding improved depth and
orbital parameters, but will also gain depth from several methodological upgrades. This paper will
describe only the production of the Y4 DES TNO catalog; analysis of its contents will be described
in further publications. While we describe here the methods that are used to determine the survey’s
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Figure 2.1 Sanson-Flamsteed equal-area projection of the transient map in ecliptic coordinates for
the DES Y4 exposures, with color of each r-band exposure denoting the sky density of transients on
this exposure. We restrict transient counts to r < 23, where nearly all exposures are highly complete,
so that this map reflects sky density variations rather than changes in the limiting magnitude of
exposures. The density increases with ecliptic latitude, peaking at the ecliptic, being dominated by
asteroids. The darker stripes running through the round central region are places where the tiling
of the sphere requires us to overlap exposures more heavily. This leads to deeper coadd images and
more effective rejection of spurious transients. The shaded gray region represents the latitudinal
density of the asteroid belt.
sensitivity vs. TNO magnitude and orbital parameters, we will defer the full-scale application of these
methods until the analysis of the final DES TNO catalog. Thus we do not anticipate production or
publication of the detailed completeness functions nor a survey simulator for the catalog presented
herein.
For readers who are more interested in the catalog than in the details of the methods used to
discover its contents, we would suggest skimming Section 2.2 and then skipping to Section 2.5 to
see the nature of the final selection function, and later sections with the contents of the catalog.
The DES collaboration has experimented with methods for identifying and linking transients
which differ from those presented in this paper. Many TNOs have been discovered or measured
(Gerdes et al., 2016, 2017; Becker et al., 2018; Khain et al., 2018, 2020; Lin et al., 2019) using
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difference imaging for transient identification (Kessler et al., 2015). The search described in this
paper is the first to search the full Y4 survey in a uniform fashion. For reference, we include in
this paper a table of objects that were discovered in DES data by the other methods, but missed in
this “Y4” search. As will be discussed in Section 2.6, all such cases are found to be TNOs that lie
outside the selection criteria of the Y4 search, i.e. the Y4 search is seen to be complete within its
stated criteria.

2.2
2.2.1

The transient catalog
Observations

The DES observational strategy is fully described in Diehl et al. (2016); Gruendl et al. (2018) but
we summarize the relevant details here. The “wide” portion of the survey aims to completely tile the
5000 deg2 footprint with 10 × 90s exposures in each of the g, r, i, and z bands, and 6 × 45 + 2 × 90 s
in Y band, such that the completed wide survey will comprise ≈ 80, 000 DECam exposures. DES
observations are taken in seasons beginning in August and ending in February each year. The
wide survey exposures are interleaved with a “deep” survey which images 10 DECam pointings
(≈ 30 deg2 ) at ≈ weekly intervals in the griz bands, primarily for detection and measurement of
high-redshift Type Ia supernovae (Bernstein et al., 2012). The Y4 TNO search reported herein was
conducted only on the wide-survey images, but we have also searched much of the deep data and
reported TNO detections to the Minor Planet Center (MPC) (Gerdes et al., 2016, 2017; Becker
et al., 2018; Lin et al., 2019; Khain et al., 2018, 2020).
Observations are scheduled with the obstac algorithm (Neilsen & Annis, 2013), which works to
optimize the quality and homogeneity of the final wide-survey products in the face of variable clouds,
seeing, and moonlight while balancing the needs of the deep survey for temporally regular sampling.
Importantly, part of this optimization is to avoid imaging the same part of the wide survey more
than once in any filter on any single night [the goal is to spread the weather fluctuations across the
footprint to homogenize the final survey products]. Occasionally obstac will elect to take successive
exposures at the same pointing in two different filters, typically g, r, and/or i in dark time and zY
in bright conditions. These pairs, with only 2 minute intervals between them, are not useful for
detecting TNO motion. Repeat imaging on any time interval longer than 2 minutes and shorter
than one day is very rare. When we calculate the robustness of our TNO detections against false
positive linkages, we will always consider multiple detections on the same night to be fully correlated
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(not independent) since most sources of false positives (asteroids, variable stars, artifacts from bright
sources) will tend to repeat in successive exposures. Each DES exposure is processed and evaluated
the next day. Exposures failing to meet minimum standards for seeing and signal-to-noise ratio
(S/N ) are discarded, and their pointings placed back on the queue. We do not search rejected
images for TNOs.
Nominally the survey goals were to cover half of the footprint with 4 “tilings” per filter in the
first year; cover the other half with 4 tilings in the second year; and then 2 full tilings per year for
3 succeeding years. Variability in weather and availability of fields meant that this plan is only a
rough approximation to reality. In particular, very poor weather in year 3 put the survey behind
schedule, and an additional half-season’s worth of observations were allocated for a sixth year to
complete the survey. In the Y4 data under analysis here, a typical point in the footprint has been
within the DECam field of view for ≈ 7 exposures per band. Within the field of view, 15–20% of
the sky is lost to gaps between the DECam CCDs, regions of defective CCDs, and area lost in the
glare of bright sources. Thus a typical TNO will be cleanly imaged ≈ 6× per filter in the Y4 data.
One other observational detail of note is that DECam has a two-blade shutter which takes ≈ 1 s
to sweep across the focal plane (Flaugher et al., 2015, section 6.1). Successive exposures sweep the
blades in opposite directions. We assign all TNO detections to a time corresponding to the midpoint
of the shutter-open interval in the center of the focal plane. The true mean time of the open-shutter
interval for any particular TNO’s exposure may differ by up to ≈ 0.5 s in an unknown direction.
Since the TNO apparent motion in this time interval is < 1 mas, the shutter uncertainty contributes
negligibly to errors in orbit determination.

2.2.2

Processing and cataloging

For the analysis presented here, we make use of two distinct types of object catalogs produced
during standard DES processing (Morganson et al., 2018): the single-epoch (SE) produced for
each individual exposure, and the multi-epoch (a.k.a. “coadd”) catalogs produced from an image
averaging all exposures.
The SE catalogs used for this search come from the “Final Cut” reduction of the internal “Y4A1”
data release. This processing includes the detrending and calibration of the raw CCD data. Artifacts
such as saturated pixels close to bright stars, cosmic rays and streaks are masked, sky background
template images are subtracted from the science image, and the PSF is modeled via the bright stars.
Sources are detected in the images using SExtractor (Bertin & Arnouts, 1996), with its default
3×3-pixel filter first being applied to the image. The detection criteria are that a source needs 6 pixels
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Table 2.1. Overview of the methodology, showing in italics the steps that transform the initial
single-epoch detection catalogs through intermediate steps to a verified TNO catalog. The last two
columns show the number of objects at each stage and, where appropriate, the number of artificial
objects that we have injected to test the pipeline efficiency.
Catalog/Processing step

No. of real elements

No. of injected elements

Single epoch detections
→Transient identification (§2.2)→
→Blinded fake injection (§2.5.2) →
Transients
→Pair finding (§2.3.1)→
Pairs
→Triplet finding (§2.3.2)→
Triplets
→Orbit growing (§2.3.3)→
→Fake unblinding (§2.5.2) →
Sixlets
→Reliability cuts (§2.3.4)→
Candidates
→Sub-threshold significance test (§2.4)→
Confirmed objects

7 × 109

···

2 × 107

3.7 × 104

1012

···

6 × 1010

···

1684

2252

424

1727

316

···

(DETECT MINAREA = 6) above the detection threshold DETECT THRESH = ANALYSIS THRESH = 1.5. A
variety of position, flux, and shape measurements are made on each object and recorded in the
output SE catalog.
The coadd catalogs in use here come from an internal data release labelled “Y3A2,” i.e. they
combine images only from the first 3 DES seasons. Sources are detected on a sum of all the r,
i and z images using SExtractor settings similar to the SE values above. The coadd catalogs
and images used in this work are the same as those in the public DR1 release12 (The Dark Energy
Survey Collaboration, 2018c).

2.2.3

Calibration

The DES catalogs are exquisitely well calibrated to a common photometric system across the focal
plane (Bernstein et al., 2017a) and across all the exposures of the survey (Burke et al., 2017).
Comparison of DES magnitudes to Gaia DR2 magnitudes show uniformity across the footprint to
≈ 6 mmag RMS (The Dark Energy Survey Collaboration, 2018c, section 4.2). Trailing of TNO
12 https://des.ncsa.illinois.edu/releases/dr1
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images in the 90 s DES wide exposures has negligible impact on photometry: at the maximual
rate of apparent motion for objects ≥ 30 AU of 500 /hour, the object would move 0.1200 . The second
moment of the trail is then < 1% of the second moment of the PSF, and the point-source calibrations
should be accurate to < 0.01 mag even for this maximal apparent motion.
Every DES exposure has an astrometric map from pixel coordinates to the Gaia DR1 (Lindegren
et al., 2016; Brown et al., 2016) celestial reference frame. Here again we benefit from extensive DES
calibration efforts. Bernstein et al. (2017b) describes the DECam astrometric model, demonstrating
that all distortions induced by the telescope, instrument, and detectors are known to 3–6 milliarcsec
RMS. We apply this model to all exposures in the Y4 DES TNO search. The astrometric uncertainties for bright TNO detections are dominated by stochastic displacements caused by atmospheric
turbulence, at 10–15 mas RMS on typical exposures. Below we describe the estimation of this turbulence uncertainty for each exposure. Fainter detections’ astrometric uncertainties are dominated
by shot noise in the centroiding of the image.
The astrometric solution includes terms for differential chromatic refraction (DCR) in the atmosphere and lateral color in the optics, which are calibrated in terms of the g − i color of the source.
Similarly the photometric solution includes color terms. The maximal amplitude of the DCR (for
airmass X < 2) and lateral color are ≈ 80 and 40 mas per mag of g − i color, respectively, for
g-band observations, and 5 or more times smaller in other bands (Bernstein et al., 2017b). The
g − i colors of all stars are measured directly by DES, which fixes the reference frame, but the TNO
apparent position will depend on its (unknown) color. Our TNO search is executed using positions
that assume a nominal color, g − i = 0.61 (a typical stellar color). Only after a TNO is linked can
we estimate its color. The final positions, magnitudes, and orbital parameters reported herein are
calculated after refinement using the proper chromatic corrections.
The procedure for estimating the atmospheric turbulence contribution to astrometric errors is
as follows:
i. For each high-S/N star i in the survey footprint, we calculate a mean position by averaging
the positions predicted by the astrometric model in all DES exposures, as well as any position
available in Gaia DR1, to produce a “truth” value x̄i .
ii. Restricting ourselves to the positions xi measured on an individual DES exposure, we find the
measurement error ∆xi ≡ xi − x̄i = (∆xi , ∆yi ) from the mean position. The displacement is
measured in a local gnomonic projection, with x pointing to local equatorial east and y north.
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iii. A cubic polynomial function of field coordinates is fit to the ∆xi and adopted as the large-scale
distortions from atmospheric and turbulent refraction for this exposure. This fit is subtracted
from the ∆xi .
iv. We calculate the two-point correlation functions of astrometric error, averaging over all pairs
of stars in the exposure vs. their separation r:
ξx (r) = h∆xi ∆xj i|xi −xj |=r ,

(2.1a)

ξy (r) =

h∆yi ∆yj i|xi −xj |=r ,

(2.1b)

ξ× (r) =

h∆xi ∆yj i|xi −xj |=r .

(2.1c)

An example of the behavior of the ξ’s is shown in Figure 2.2.
v. We assign a 2-d Gaussian positional uncertainty to each detection in the exposure, with a
covariance matrix given by


hξx i

Σatm = 
hξ× i


hξ× i

hξy i

(2.2)

where the ξ values are averaged over the separation range 2400 < r < 4000 where they typically
plateau. Note that this use of the correlation function at r > 0 removes any contribution due
to shot noise of individual stellar measurements.
Figure 2.3 shows the histogram of atmospheric turbulence strength in the exposures. The typical
atmospheric turbulence is seen to be ≈ 10 mas. The astrometric errors are typically substantially
anisotropic on most individual exposures, with Σxx 6= Σyy and Σxy 6= 0, because astrometric errors
are substantially different parallel vs. perpendicular to the prevailing wind direction.
The final astrometric uncertainty assigned to each transient is the quadrature sum of the atmospheric turbulence ellipse in Equation 2.2 with the circularly symmetric shot noise error in the
centroid reported by SExtractor.

2.2.4

Identifying single-night transients

The computational burden of linking TNO’s from the transient catalog scales roughly as n3 , where
n is the density of transient detections per square degree per exposure. It is therefore of great
importance to minimize n while retaining all true TNO detections in the transient catalog. Because
asteroids are indistinguishable from TNOs at the single-exposure level, the transient catalog must
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Figure 2.2 The correlation function ξ(r) of astrometric errors for high-S/N stars separated by angle
r. This plot gives the average of ξ(r) for all g band exposures in a small region of the survey,
taken across 4 years of observations. The shaded region denotes where the ξ values are averaged to
establish the covariance matrix of atmospheric turbulence.
include all detected asteroids, which will greatly outnumber the TNOs.13 Asteroids thus form an
irreducible source of false-positive TNO transient detections, and our goal, therefore, is to reduce
any other spurious transient detections to a level well below the asteroid density.
We wish to identify all sources in the thousands of DES images which are present in a given sky
location for only a single night. We begin by matching the SE in all bands and coadd catalogs (in
which each detection has information from all bands) by sky coordinates. All detections in a small
region are projected into a tangent plane and then grouped with a kD-tree (Maneewongvatana &
Mount, 1999) friends-of-friends (FoF) algorithm that links detections within 0.00 5 of each other.
For each group of SE detections, we calculate the following quantities:
• Whether or not it is matched to a coadd detection, COADD = 1, 0;

13 Previously known asteroids could be deleted from the transient catalog, but at these magnitudes only a small
fraction of asteroids are currently cataloged.
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Figure 2.3 Distribution of the semi-major and semi-minor axes for the atmospheric turbulence error
ellipses for all exposures used in the DES internally-released “Y4A1” catalog.
• How far apart in time are the first and the last SE detections of the match group, ∆t ≡
tlast − tfirst ;
• How much fainter or brighter the SE detection is compared to the coadd detection in the same
band (when present), ∆m ≡ mSE − mcoadd .
If the SE detection is a detection of a solar-system object, we do not expect any flux to be present
at this location on the other exposures contributing to the coadd taken more than a few hours
away from the SE detection. If there are K exposures in the coadd, then the averaging process will
reduce the apparent flux of the source in the coadd by a factor 1/K, leaving the coadd source with
a magnitude fainter than the SE value by 2.5 log10 K ≥ 0.75 mag for K ≥ 2. The coadd source
should thus either be absent or significantly fainter than the SE source. We therefore implement the
following cut to retain potential solar system measurements while eliminating many variable fixed
(stellar) sources:
1. COADD = 1, ∆t < 2 days, ∆m ≤ −0.4; OR
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2. COADD = 0, ∆t < 2 days.

Note that ∆t < 2 days is by itself an insufficient condition, since it would include many faint
sources that are pushed above detection thresholds on only 1–2 exposures because of intrinsic variability or noise fluctuations. The veto by the more sensitive coadd images solves this issue, with the
∆m ≤ −0.4 threshold estimated empirically to include nearly all truly moving sources (TNOs), as
illustrated in Figure 2.4.
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Figure 2.4 The distribution of ∆m, the difference in magnitude between single-night detections and
the magnitude of the matched object in the coadd frame, is shown for detections in 25 deg2 of the
survey. We posit this to be the sum of a population with symmetric distribution about ∆m = 0
caused by noise and variability of static sources, plus a tail of highly negative ∆m values containing
moving objects (peaking at ∆m ≈ −1.5). True single-night transients are expected to have, on
average, ∆m < −0.75 (shaded region), because the single-night flux will be reduced by the number
of (zero-flux) other exposure’s data averaged together. All objects in the red region at ∆m < −0.4
are included in the transient catalog, with this cut selected to give us high probability of capturing
all of the true single-night transients.
Unlike Goldstein et al. (2015) or Lin et al. (2018), we do not make cuts on object sizes or other
morphological features of detections, as these measures are too noisy to be useful discriminants of

37

2. TNOs in the first four years of DES

Dec (deg)

3
4
5
6
7

Dec (deg)

3
4
5
6
7

Dec (deg)

3
4
5
6
7
24

25

26
RA (deg)

27

28

29

Figure 2.5 The three stages of the transient catalog. From top to bottom: 1) the catalog before the
cleaning process; 2) identification of the coherent structures; 3) coherent structures are removed,
showing the output catalog. Note that there are still some coherent structures remaining, but these
are now a small minority of the total transient catalog.
non-stellar artifacts from TNOs for sources at the threshold of detectability. We are willing to accept
higher false-positive rates in order to keep the lowest flux threshold for true TNOs.
The first of Figures 2.5 maps the sky locations of transient detections, revealing many coherent
structures that cannot be produced by TNOs, asteroids, or other true celestial moving objects. These
structures correspond to image artifacts that were not successfully masked by the SE pipeline, such
as meteor/satellite/airplane streaks, bad pixel columns, and artifacts from detections around bright
sources. There are also some exposures with incorrect astrometric solutions, creating large numbers
of spurious sources which do not match sky coordinates of other exposures’ detections. We find
empirically that the following steps applied to each exposure serve to reduce the number of spurious
transient detections to level comparable to or below the irreducible asteroid density:
i. The detections are clustered with FoF linking length of 6000 ;
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Figure 2.6 The bend angle and clustering evaluation. In the first column, the transients from an
exposure with astrometric misalignment (top), showing randomly distributed bend angles (bottom).
In the second column, a streak (with one spurious match) identified in the cleaning process (top), and
the bend angle histogram (bottom) showing values close to zero. In the third column, a randomly
matched group (top), with no tendency in the bend angle histogram (bottom). In the last two
scatter plots, the black dashed lines show some of the connected nearest neighbors, which define
(visually) the bend angle.
ii. Groups with more than 20 detections are removed from the catalog, as these correspond to
entire CCDs or even exposures being identified as transient sources;
iii. Groups that have between 10 and 20 detections could come from either accidental matching of
true transients, or from coherent structures like unmasked streaks or arcs around bright stars;
iv. To remove the latter, we test for a tendency of the points to lie along a line or curve: we
evaluate the “bend angle”, that is, the angle between the lines connecting each detection on
this group to its two nearest neighbors. These angles are clipped to the range 0◦ –90◦ . If the
average angle of all detections in the cluster is less than 15◦ , these detections are also removed
from the catalog;
v. We also remove transients within 30 pixels of any edge of a CCD, since source images cut
off at CCD edges have mis-measured centroids that cause spurious mis-matches with their
corresponding coadd sources.
Figure 2.6 illustrates the three cases described here. The second panel of Figure 2.5 shows the
identified structures in a region of the survey, and the last panel shows the output, and final,
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transient catalog. Some spurious structures remain, but since the number of these is now well below
the number of asteroids, there is little to be gained by further cuts on the transient catalog.
There are ≈ 7 × 109 single-epoch detections in the 60,000 Y4 exposures. Of these, 2 × 107 are
designated as transients (see table 2.1).

2.2.5

Transient density

Figure 2.1 presents a map of the density of bright (r < 23) transients for each DES Y4 r band exposure. At these magnitudes, most exposures are virtually complete (that is, the magnitudes of 50%
completeness of each exposure is on average larger than this limit, see section 2.2.6 for a discussion
on the completeness estimates), and the drop in density from exposures with ∼ 200 transients deg−2

close to the ecliptic plane to < 100 transients deg−2 far from it suggests that asteroids are comparable

in the catalog to other astrophysical transients and artifacts.
This density is consistent with the sky density of 210 asteroids deg−2 brighter than mR = 23
reported by SKADS (Gladman et al., 2009) for observations within a few degrees of opposition.
DES may encounter fewer objects given that observations are not typically at opposition. We note
that this density is consistent with the latitudinal asteroid density, computed from transforming
the inclination distribution for all asteroids in the Minor Planet Center14 to an ecliptic latitudinal
distribution following Brown (2001), plus a background level of 45 transients deg−2 independent of
ecliptic latitude, as presented in the lower left panel of Figure 2.7.
We do not investigate the source of this background. They are not supernovae: simulations of
DES supernovae transient detections (Kessler et al., 2019), using supernovae rates from Jones et al.
(2018), that we expect only order unity supernovae (Ia and Core Collapse) per exposure to have
r < 23 and yet appear in only one night’s exposure.
The upper right-hand panel of Figure 2.7 shows the average transient density in all exposures
for all transients and, while the lower density far from the ecliptic is still present in the griz bands,
the density plateaus at ∼ 200 per square degree per exposure (r band), defining the minimum false-

positive rate for our search. The plateau at ∼ 150 transients deg−2 on the faint end corresponds to
astrophysical transients (for example, stellar outbursts and supernovae that passed the ∆t cut, as
well as high-inclination asteroids), faint sources detected only once that passed the ∆m cut, as well
as image artifacts (e.g. cosmic rays, unmasked streaks). Image inspection on a randomly selected
subset of false positives (identified in false TNO linkages, see section 2.4) indicates that most of the
14 https://www.minorplanetcenter.net
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background comes from unmasked image artifacts. While the single-night transient catalog is not
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Figure 2.7 Upper left: Histogram of magnitudes for all 22 million DES Y4 transients. Upper right:
Average transient density as a function of ecliptic latitude for all exposures. Lower left: Bright
(i.e. on the limit where most exposures are complete) transient density as a function of ecliptic
latitude (similar to Figure 2.1). The orange dotted curve corresponds to the latitudinal density of
the asteroid belt plus a background level. Lower right: Faint transient density as a function of
ecliptic latitude.

2.2.6

Detection efficiency

To characterize the detection efficiency for point sources in a given exposure, we search the coadd
catalogs for unresolved sources overlapping the exposure’s footprint. Here, unresolved sources are
defined as those with |SPREAD MODEL I| < 0.003 (see section 8.1 of Drlica-Wagner et al., 2018). We
then note each coadd source’s magnitude in the band of the exposure, and record whether the source
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was detected in the SE processing of that exposure. This yields a list mdet,i of the “true” (coadd)
magnitudes of SE-detected point sources and another list mnon,j of non-detected point sources in
the exposure. If we posit a probability of detection p(m) for this exposure, then the total probability
of the observed outcome is
ptot =

Y

p (mdet,i )

i

Y
j

[1 − p (mnon,j )] .

(2.3)

We posit that the completeness function for the exposure takes the form of a logit function
p(m) =

c
,
1 + exp(k(m − m50 ))

(2.4)

and we adjust the parameters m50 , c, and k to maximize ptot . These then define the completeness
function we adopt for this exposure. Figure 2.8 shows the distribution of m50 values for the exposures
included in the Y4 wide-survey TNO search, as well as an example of the fit in one exposure.
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Figure 2.8 Left: Histogram of the magnitude of 50% completeness, m50 , per band of the exposures
used in the DES Y4 TNO search, as defined in section 2.2.6. Right: Example of the logit fit for an
i band exposure. The measured parameters are (m50 , c, k) = (23.31, 0.96, 5.40).

2.3

Linking TNO detections in the transient catalog

We work in a modified version of the Bernstein & Khushalani (2000, hereafter BK) formalism, which
we present briefly here. All sky coordinates and state vectors are given in the ICRS, with origin at
the solar system barycenter as tabulated by the JPL Horizons ephemerides15 . Barycentric orbital
15 http://ssd.jpl.nasa.gov

42

2. TNOs in the first four years of DES

elements are calculated from state vectors using the total mass of the Sun plus all 8 planetary
systems as a central mass. During orbit fitting, gravitational accelerations are calculated using 5
gravitating masses: one at the location of the Sun (with the mass of the terrestrial planets included),
and one at each of the giant-planet barycenters, using the DE-430 ephemerides.
Observed angular positions (RA and Dec) are projected to the gnomonic coordinates (θx , θy ) for
the active patch (see BK for the proper transformation equations). The angular location of an orbit
with phase space vector P = {x0 , y0 , z0 , ẋ0 , ẏ0 , ż0 } at time t0 is written
θx (t) =

α+α̇(t−t0 )+γgx (t)−γxE (t)
1+γ̇(t−t0 )+γgz (t)−γzE (t) ,

(2.5a)

θy (t) =

β+β̇(t−t0 )+γgy (t)−γyE (t)
1+γ̇(t−t0 )+γgz (t)−γzE (t) .

(2.5b)

Here, xE = (xE , yE , zE ) is the location of the observatory in a barycentric reference frame relative
to the origin x0 . g = (gx , gy , gz ) is the gravitational perturbation, defined by
g(t0 )
g̈(t)

= ġ(t0 ) = 0,
P
x(t)−xi (t)
= − i GMi |x(t)−x
3,
i (t)|

(2.6a)
(2.6b)

where sum is done over the other bodies in the solar system, and
x0
,
z0
ẋ0
,
α̇ ≡
z0

α≡

y0
,
z0
ẏ0
β̇ ≡ ,
z0

β≡

1
,
z0
ż0
γ̇ ≡ .
z0

γ≡

(2.7a)
(2.7b)

In this basis, the kinetic energy of a bound orbit is limited by
α̇2 + β̇ 2 + γ̇ 2 ≤ 2GM γ 3 .

(2.8)

Here, we use the solar mass instead of the mass used to determine the barycenter, as, for our
purposes, the distinction is insignificant.
The recovery of TNOs from the full transient catalog proceeds by covering the full DES footprint
with overlapping circular “patches” of radius 3.5◦ having centers (RAi , Deci ). We also divide the
full search range of heliocentric distances 30 < d < 2500 AU into bins of inverse distance γ ≡ 1/d
such that γj − δγj ≤ γ ≤ γj + δγj . The search proceeds as
1. For each patch i:
1.i. Define a gnomonic projection of sky coordinates about the pole (RAi , Deci ), to coordinates θ = (θx , θy ) with axes directed to ecliptic east and north, respectively.
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1.ii. For each distance bin j:
1.ii.1. For each DES observing season k = 1, 2, 3, 4 :
1.ii.1.i. Define a reference time t0 at the midpoint of the observing season, and define an
inertial Cartesian reference system with the x and y axes parallel to the θx , θy
directions, and coordinate origin x0 at the location of the observatory at t0 .
1.ii.1.ii. Identify all pairs of transients within 90 days of each other in season k which
are compatible with a common bound orbit in distance bin j and with observed
position at time t0 lying within patch i.
1.ii.1.iii. For each pair, identify all transients within an additional 90 days of the later
member that form a triplet compatible with a bound TNO orbit within the
distance bin.
1.ii.1.iv. “Grow” each triplet into candidate n-lets by iterating the following process: fit an
orbit to the n associated transients, using a prior that favors bound orbits within
the distance bin (Equations 2.14 and 2.15). Then find all potential additional
transients (in any season) whose position is consistent with the fitted orbit. Each
such transient spawns a new (n + 1)-let. Multiple output orbits can result from
a single triplet. Discard any n-let whose transients are a subset of another n-let,
or whose transients fall on Nunique < 5 distinct observing nights.
1.iii. Merge all of the candidate TNO n-lets from this patch by first re-fitting the orbit with
the distance priors removed, then “growing” to incorporate any additional transients that
fit the orbit, and then removing any that duplicate or are subsets of other n-lets. Each
is now a candidate TNO orbit, and cuts are applied as described below to guard against
false-positive linkages.
2. Merge the detections from all patches by removing duplicates.
These steps are described in more detail below. Note no requirements are placed on magnitude
agreement when linking transients, since (a) the majority of transients will be near the detection
thresholds, and such a cut will not be very effective; (b) we do not want to exclude TNOs with
high-amplitude light curves, and (c) our search is conducted in multiple filters, and we do not want
to bias our detections to particular colors of TNOs by demanding a particular difference between
magnitudes in distinct bands.
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2.3.1

Finding pairs

For short arcs of distant objects, we can neglect the gravitational perturbation, and the effect of γ̇
on observed position is highly suppressed. Rewriting equations 2.5a and 2.5b with g, γ̇ = 0,
α + α̇(t − t0 ) =

(1 − γzE )θx + γxE ,

(2.9a)

β + β̇(t − t0 ) =

(1 − γzE )θy + γyE .

(2.9b)

If we assume a distance d = 1/γ, this allows transformation of the (θx , θy ) coordinates into an (α, β)
system where the motion is linear. Holman et al. (2018a) exploit this result for linking of tracklets,
but we must link individual detections. From equation 2.8, it becomes clear that after a time ∆t an
object in a bound orbit will be in a circle in the (α, β) plane of radius
r2 (γ, ∆t) =

p
2GM γ 3 ∆t

(2.10)

centered around the first detection.
We start by selecting all exposures from season k which could potentially contain a TNO with γ
within the selected bin and (α, β) within the 3.5◦ patch radius. We apply the transformations from
equations 2.9a and 2.9b for γj to all transients detected in each exposure, and each set of resulting
positions is used to constructed a kD tree. Trees for exposure pairs that are up to 90 days apart
from each other are then searched for pairs of detections with a search radius as defined in equation
2.10. This process is repeated at the edges of the distance bin (γj ± δγj ), resulting in the final list
of pairs for the bin j.
The expected number of pairs of unassociated transients grows with the area of the search circles
and the time interval between pairs. The mean number of such false-positive pairs between an
exposure µ and all later exposure ν is
N2,µ (γ) =

X

2πGM γ 3 ∆t2µν nµ nν ADECam

(2.11)

ν>µ

where nµ is the sky density of transients in exposure µ, ∆tµν is the time interval between these
two, and ADECam is the imaging area of DECam. (This equation ignores the case where the search
circle only partially overlaps exposure ν.) The total number of pairs expected in the search is
P
N2 = µ N2,µ . The Y4 search yields ≈ 1012 pairs (Table 2.1).

2.3.2

Finding triplets

With a pair of detections we can compute α̇ and β̇ as a function of γ and γ̇. A pair’s nominal
expected position at future exposure at time t is determined by equations 2.5a and 2.5b with α, β,
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α̇ and β̇ computed for the bin center γj and γ̇ = 0. We further assume that the future position
is approximately linear in (γ − γj ) (“parallax” axis) and γ̇ (“binding” axis) as long as we remain
within the distance bin range γj ± δγj and at γ̇ small enough to maintain a bound orbit.
To compute the line of variation in (θx , θy ) due to γ deviations (parallax), we calculate the
positions for orbits corresponding to α, β, α̇ and β̇ computed for γ = γj ± δγj and γ̇ = 0.
To compute the line of variation in (θx , θy ) due to non-zero γ̇ (binding), we first make the
assumption that the target orbit is bound, in which case, we can write the system’s energy more
carefully, and derive (as per BK)
2
γ̇ 2 ≤ γ̇bind
≡ 2GM γ 3 1 + γ 2 − 2γ cos β0

−1/2

− α̇2 − β̇ 2 ,

(2.12)

where β0 is the target’s solar elongation. The line of variations is then derived from positions for
orbits corresponding to α, β, α̇ and β̇ computed for γ = γj and γ̇ = ±γ̇bind .
Figure 2.9 illustrates how the search region for triplet candidates at some time t is the parallelogram constructed from the parallax axis of γ line of variations and the binding axis of γ̇ line of
variation.
For each pair, we search for triplets in exposures up to 90 days after the second detection. For
each exposure that crosses the region of potential third transients, we use its kD tree to rapidly locate
for transients lying in a set of circles that cover the parallelogram of potential orbit extrapolations
(plus a small contribution for position measurement errors).
One can show that the leading order behavior in γ of the total number of spurious triplets (from
randomly positioned transients) is
N3 (γ) ' nN2 (γ)A3 (γ) ∝ n3 γ 7/2 ,

(2.13)

where A3 is the area of the search parallelogram.
The Y4 search generates 6 × 1010 triplets (Table 2.1).

2.3.3

Growing n-lets

Once a triplet of detections is identified, we can in principle fit an orbit with all six orbital parameters
left free. We follow routines similar to the ones in BK to fit the orbits and determine expected
positions and their linearized uncertainties for the circumstances of any DES exposure. We do not
make use of the prior in the BK equations (20) and (21) that favors nearly-circular orbits, because
it can cause convergence problems for some of the very distant and nearly parabolic TNO orbits
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Figure 2.9 Example of a target orbit at a distance d = 34 AU, with detections 10, 20 and 60 days
past t0 . The search is made with distance bin γj = 1/(35 AU), and δγj /γj = 0.05. The bands show
the bounds of predictions vs. time of a third position given the pair at 10, 20 days, with the orbit
fit to this pair with γ̇ = 0. The nominal γ = γj , γ̇ = 0 orbit is the dashed line, while the grey and
red ranges show the effects of variations in γ (“parallactic”) and in γ̇ (“binding”), respectively. The
inset shows the position uncertainties at t = t0 + 60 days. The gray circles show the search region
for the third transient, and the diamond is the actual position for this orbit at time t.
that we wish to search. Instead we institute a Gaussian prior on (inverse) distance to force the orbit
into our distance bin. The prior contributes to the fit χ2 as
χ2prior = sγ

(γ − γj )2
,
δγj2

(2.14)

where the strength of this prior is adjusted by setting sγ , and we choose sγ ≈ 1. We also include a
prior for bound orbits, defined as
χ2bind = b

α̇2 + β̇ 2 + γ̇ 2
|KE|
.
=
3
2GM γ
|PE|

(2.15)

Here, b, the binding factor, defines the strength of this prior. Note that this is equal to b for a
parabolic orbit. We set b = 4 for our fits. The χ2bind is added to the quantity being minimized in
the BK code.

47

2. TNOs in the first four years of DES

The growing process starts with the orbit fitted to a triplet. The position and error ellipse are
calculated at all other exposures that the TNO might cross. The kD tree for each potential exposure
is searched for transients that lie within the 4σ error ellipse defined by convolving the error ellipse
of the orbit prediction at the time of the search exposure with the measurement uncertainty of
each transient position on the exposure. For each such transient found, a new n-let is defined, and
is queued for its own orbit fit. The addition of transients is iterated for each n-let until no new
transients are found to be consistent with the orbit. We also discard any n-let whose orbit fit is
significantly unbound, whose best-fit orbit has unacceptably high χ2 value, or which duplicates a
set of transients that have already been examined.
Each time we are attempting to grow an n-let, we calculate the false-positive rate (FPR) for the
addition of the (n + 1)th transient. If the 4σ error ellipse on exposure j has area Aj,search , and the
density of transients on this exposure is nj , then the total probability of a spurious linkage is
FPR =

X

Aj,search nj ,

(2.16)

j

where the sum is over all exposures being considered for the (n + 1)th transient. Our calculation of
FPR currently accounts for CCD gaps and other details of geometry only approximately, but this
will be sufficient. Note that as the orbit becomes better defined from higher n and longer arc, the
FPR for further additions will shrink. If an n-let has short arc and we are searching for transient
n + 1 in a different season’s exposure, then the error ellipse may be large, and we will be flooded
with false linkages. We therefore do not search an exposure if the contribution of this exposure to
the FPR sum would be Aj,search nj > 10. Since the transient catalog density is . 200 deg−2 , this is
roughly a requirement that the orbit be localized to an area of . 0.05 deg2 if we are to proceed. We
do not implement this FPR cutoff until the n-let has linked detections on ≥ 4 distinct nights, since
the Aj,search is unavoidably large with ≤ 3 points on the arc.
The growing process terminates when no additional detections are found to match the orbit fit to
an n-let. We associate with this terminal n-let the FPR that was calculated for the final successful
linkage step. Thus the FPR recorded with the n-let estimates the probability that the last detection
linked to the orbit is spurious, i.e. a transient that randomly fell within the orbit’s error ellipse. In
the future this information will allow us to estimate the number of spurious linkages contaminating
our TNO catalog. At present, we only make a very mild cut of discarding individual n-lets with
FPR > 1. If a terminal n-let has detections in 7 or more unique nights and has FPR < 10−3 , we
call it a secure orbit, and we remove all of its detections from consideration for linkage to further
orbits.
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Reliability of an orbit

At the end of the linking process, we have to decide which sets of linked detections reliably correspond
to multiple detections of the same real solar system object, vs. spurious linkages of mixtures of
detections of distinct sources or artifacts. In this Y4 search, we use the following criteria to cull the
set of unique terminal n-lets to high-reliability candidates.
1. If the number of unique nights on which these detections were seen is NUNIQUE < 6, the n-let
is rejected. Of the 132 linkages with NUNIQUE = 6 meeting the other criteria, only 52 were
confirmed as real by the method of Section 2.4. The number of n-lets with NUNIQUE = 5 is
large and certainly dominated by spurious linkages. We defer until the final DES search an
effort to extract a reliable candidate set from these. 1684 distinct linkages satisfy this criterion.
2. The time between first and last detections (ARC) must satisfy ARC > 6 months, i.e. we demand
detections in distinct DES observing seasons. More stringently, we define ARCCUT to be the
shortest arc that remains after eliminating any single night of detections, and demand also
that ARCCUT > 6 months. In effect this means that at least two detections must occur outside
the season of the triplet that gestates the n-let. 6 linkages have ARC < 6 months, and another
1235 also have ARCCUT < 6 months.
3. The χ2 per degree of freedom from the (prior-less) orbit fit must satisfy χ2 /ν < 4, which
rejects another 19 linkages.
4. The FPR is less than 1. No surviving linkages fail this criterion.
A total of 424 distinct linkages pass these criteria in the Y4 search (see Table 2.1). The “subthreshold confirmation” technique described next will serve to remove spurious linkages from the
candidate list defined by the above criteria.

2.4

Sub-threshold confirmation

We assume without further investigation that all candidates with NUNIQUE > 10 are real TNOs,
since the calculated FPR’s for these are extremely small. For objects with 6 ≤ NUNIQUE ≤ 10,
we test the reality of each candidate TNO by searching for its presence in exposures that did not
yield a detection of the source, but which the best-fit orbit suggests should contain an image of the
object. The concept here is: if the object is real, it is lurking just below detection threshold in these
non-detection images, and by stacking such exposures along the orbit, we will obtain a significant
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detection. If, however, the orbit is spurious, then there should be no excess flux in the non-detection
images along the (meaningless) orbit. Given that we typically have ≈ 10 non-detections (excluding
the Y band), the non-detection stack should be ≈ 1.25 mag deeper than a typical single image.
The non-detection images are by definition going to have lower mean S/N ratio on a real TNO
than the typical detection image. This could be because of poorer observing conditions; or being in
filters with less favorable S/N given the color of the TNO; or at fainter points on the light curve
of a given TNO. Furthermore there are no degrees of freedom in this sub-threshold confirmation
significance, because the orbit is fixed to the best fit to the detected transients. So the appearance
of a signal even at S/N = 4 in the non-detection stack should be considered a strong confirmation.
We proceed by first measuring a flux for the putative TNO in every image µ (both detections and
non-detections) that contains the best-fit orbit. For exposure µ in band b, we compute a windowed,
sky-subtracted flux fµ,b as:
fµ,b = kµ

X
(sµ,j − ŝµ )Wµ (xj ).

(2.17)

j

Here, sµ,j is the photon count at pixel xj , and ŝµ is the sky background flux, computed by taking the
mean flux in an annulus centered at the nominal position and with inner radius 800 and outer radius
1000 . For the photometry window Wµ (xj ) we adopt a circular Gaussian centered on the position
predicted from the orbit, and having a FWHM of 100 . This window will retrieve near-optimal S/N
ratio for the putative TNO in typical DES seeing. The factors kµ remove the variations in the
photometric zeropoints of the exposures, placing fluxes on a common scale (Burke et al., 2017).
The RMS noise σµ,b in fµ,b is calculated by propagating the Poisson noise of the sµ,j through
Equation (2.17).
We need to remove the contribution of static sources from fµ,b . To do so we apply (2.17) to
the coadd image at this location of sky to obtain flux fµ,b,coadd and noise σµ,b,coadd . If the static
flux is a significant fraction of the inferred flux, we discard this exposure from the calculation. The
criteria for rejection are fµ,b < 3fµ,b,coadd (the TNO flux does not dominate the static flux) and
fµ,b,coadd > 5σµ,b,coadd (nonzero static flux is confidently detected). Single exposures failing this cut
are ignored in further evaluation of their TNO orbit.
The inverse variance weighted total flux, then, coming from the remaining images is
P
−2
µ fµ,b σµ,b
fˆb = P −2 ,
µ σµ,b

(2.18)

with variance
Var(fˆb ) = P

1
−2 .
µ σµ,b

(2.19)

50

2. TNOs in the first four years of DES
The significance of a detection in band b, then, is
Sb = q

fˆb

.

(2.20)

Var(fˆb )

For visual inspection, we also combine the individual exposures’ images of the putative TNO
using inverse-variance weighting:
P
Imgb =

µ

−2
kµ Imgµ,b σµ,b
,
P −2
µ σµ,b

(2.21)

where Imgµ,b is a 50 × 50 pixel image cutout centered on the detection at exposure µ.
To compute the total significance, we combine all detections in the griz bands, by first transforming all giz fluxes into an r band flux, assuming nominal colors corresponding to the bimodality
break for Centaurs : g − r = 0.75, r − i = 0.25 and r − z = 0.5 (Ofek, 2012; Pike et al., 2017b). To
confirm an orbit, we only use the images in which there is no detection in the Final Cut catalog.
We define the “sub-threshold significance” (STS) to be the value of Sb from Equation (2.20) evaluated only on these non-detection images. Spuriously linked detections cannot contribute to this
total significance. Non-detection images taken within 1 hour of a detection are omitted from this
summation, so that a spuriously linked asteroid (or image defect) cannot recur in a non-detection
image and contaminate the STS. In other words, we want the STS to be statistically independent of
the detections in the absence of a true TNO.
Figure 2.10 shows an example of a real TNO that passes this test. Figure 2.11 shows a spurious
linkage.
In addition to the value of STS, we also vet all 424 candidates passing the basic parametric cuts of
Section 2.3.4 by visually inspecting postage stamps of all images of the putative orbit. We also view
the summed griz images (following Equation 2.21 and using the nominal colors) created both using
all the images, and the image created from just the non-detection images. Each candidate received
a score of R (real), F (false) or M (maybe, corresponding to an unsure classification) independently
by three of the authors (PB, GB, and MS). In every case, at least two graders agree, and we accept
the majority classification. The visual inspection also identifies non-detection images in which the
STS calculation is being contaminated by any static sky object or unmasked defect that sneaked
past the cuts on coadd flux described above. For these cases we recalculate the STS after purging
this defective exposure. Note that the grading was done while blind to the orbital elements of the
detection.
Figure 2.12 shows that the 424 orbit candidates fall into two distinct groups on the plane of
STS vs. Nimages , the number of non-detection images contributing to STS. These groups are cleanly
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Figure 2.10 Left: Postage stamps of the detected and expected positions for one of the recovered
TNOs with NUNIQUE = 8. The top of each stamp shows the MJD when the exposure was taken and
its band, with m50 for the exposure at lower right. Exposures where the object was detected are
marked in red crosshairs and have the measured magnitude listed on the lower left. Exposures of
the putative TNO which did not yield a detection are marked with blue crosshairs. Right: Summed
griz images (all images: top; non-detections only: bottom) convolved by a 100 Gaussian kernel. The
lower-right image shows a highly significant detection (STS = 12.93), and is considered confirmed.
p
separated by the parabola STS = 2 Nimages , and every candidate graded as R (F) falls to higher
(lower) STS than this curve, suggesting that cutting objects to the left of this curve is a very efficient
means of removing spurious linkages. Our confidence in this cut is boosted by noting that the linkages
failing this cut are generally much worse fits to an orbit than the retained sample. As illustrated
by Figure 2.15, however, the χ2 /ν statistic is not by itself a sure-fire discriminant between real and
spurious linkages. We might indeed expect that some spurious linkages attain low χ2 by luck, and
also that some true TNOs might have inflated χ2 values because they are binaries with significant
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Figure 2.11 Similar to Figure 2.10, but showing a candidate that does not pass the sub-threshold
significance test. The STS of this candidate is −0.16.
photocenter motion about the center of mass. So we do not impose any stricter cut on χ2 /ν.
A total of 316 linkages pass the STS cut, and comprise the complete sample of detections from
the Y4A1 DES wide-survey search see Table 2.1).
The weighting of the different bands in the STS value yields optimum (high) values for objects
with mean TNO colors. For individual objects with colors deviating from this mean, the STS we
compute is non-optimal (lowered). So the technique, applied with fixed nominal weighting, cannot
produce false positives, but might produce a false negative if an object’s colors are significantly

53

2. TNOs in the first four years of DES
4.0
Real
False

3.5

30

3.0

25

2.5

20

2.0

15

1.5

10

1.0

5

0.5

0

/⌫

35

Maybe

2

Number of sub-threshold images

40

0.0
0

10

20

30

40

50

STS

Figure 2.12 STS versus number of images used in the sub-threshold sum, as well as a color code
for χ2 /ν. The symbol
p shapes encode the R, F, M status derived from visual inspection. The dashed
curve is the STS = 2 Nimages parabola, which cleanly divides all “Real” from “False” linkages and
separates the two obvious groupings in the plot. We consider all 316 linkages lying to the right of
the parabola as being confirmed TNOs.
different from the ones chosen. The calculation is, however, robust: object 2013 SN102 is one of our
reddest at g − r ≈ 1.23 (compared to the nominal g − r = 0.75; the r − i and r − z colors of the object
are within 20 mmag of the nominal colors). Its STS is ≈ 22.7 with nominal weighting and rises to
≈ 24.1 by computing this value with weights optimized to its colors. Thus the nominal weighting
yields STS only 6% lower than optimal in this extreme case.
The STS test can be also be applied to objects that are too faint to be recovered in the survey,
but whose orbits are known to good precision. As an example, we have measured the STS of 2016
QU89 , discovered on the deep DES fields (Khain et al., 2018) and too faint to be detected in the
wide survey. This object was recovered in only two of the images we analysed here, despite being
inside a functional CCD in 17 images. We have measured its STS to be 24.6, being well above the
p
required 2 Nimages ∼ 8.2 required to recover it.
Finally, we note that the tools presented here allow us to distinguish real from spurious 5night detections by repeating the STS test, although this will require us to evaluate many spurious
linkages. The entire linkage process can also be extended to distances closer than 30 AU, but at
a significant increase in computational expense (see Equations 2.11 and 2.13), perhaps requiring
a trade-off between the searched distances (i.e. γ) and the maximum time span of the pairs and
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triplets (∆t).

2.5

Completeness testing with synthetic TNOs

In order to test our linking efficiency, we insert a synthetic population of TNOs (“fakes”) into our
transient catalog that simulate the observational properties a real object would have. This is not
an end-to-end simulation: the fakes are inserted into the catalogs, not the images. The cost of
doing the latter and reprocessing all the images would be prohibitive. This shortcut is, however,
acceptable, since the point-source detection efficiencies described in Section 2.2.6 allow us to assess
the detectability of a TNO of given magnitude in a given exposure. This method does not, however,
account for the inefficiency in transient detection that arises when TNOs fall on or near stationary
sources (such that they are part of blended detections, or flagged as static sources), or when TNOs
lie on CCD defects or other artifacts (such that they are flagged as defective and ignored). A
few percent of the active imaging area is lost to such effects in typical exposures. Image-injection
experiments under way on the completed DES imagery will quantify this loss and be incorporated
into the detection simulator that will accompany the final DES TNO catalog (Suchyta et al., 2016).

2.5.1

Simulating the DES observations

The process for simulating the transient-catalog entries for a TNO of given orbital parameters and
magnitude m is as follows:
i. We find all exposures for which the DECam field of view contains the TNO position given its
orbit.
ii. An observed position for the TNO is derived by adding observational error to the position
predicted by the orbit. Currently the observational error is drawn from the distribution of
errors for all point sources in the image (including both shot noise and the atmospheric turbulence contribution per Equation 2.2); in the future we will properly track the errors vs. source
magnitude.
iii. We check whether the “observed” position lies within a functional DECam CCD, i.e. we would
have collected an image of this TNO. If this is true, this is considered an observation;
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iv. We compute the value of p(m) from Equation 2.4 with the fitted parameters for this exposure
and compare to a random value r between 0 and 1. If p(m) > r, this observation is considered
a detection and is entered into the transient catalog.
v. For completeness, a random magnitude error is drawn from the magnitude error distribution
determined for this exposure and added to the truth magnitude, for each synthetic transient.
Our linking algorithm makes no use of the detected magnitude, so this is irrelevant.
This process does not simulate the loss of TNOs due to potential overlap with other sources or
image artifacts, which as noted above creates a loss of a few percent sources. Note also that no
light-curve variation is placed on the simulated sources.

2.5.2

Fake population inserted into the transient catalog

We generate a population of synthetic TNOs that is intended to sample the full phase space of
possibly detectable orbits and magnitudes, with no intention of mimicking the true TNO population.
We generate the fakes by sampling the barycentric phase space {x0 , y0 , z0 , ẋ0 , ẏ0 , ż0 } at a reference
time t0 near the survey midpoint. To generate the position vector, we sample the unit sphere
by constructing uniformly distributed angles with a Fibonacci lattice (see, e.g., González, 2010) in
equatorial coordinates, and discard all points well outside the DES footprint. Each fake is assigned a
random barycentric distance from a distribution placing half of the fakes uniformly in the range 30–
60 AU and half logarithmically distributed between 60 au and 2500 au. Similarly, the velocities are
sampled by placing angles on a spherical Fibonacci lattice, and assigning a velocity v = f 1/3 vesc (d),
where vesc (d) is the escape velocity at the barycentric distance, and f is a uniform deviate between
0 and 116 .
Each fake is also assigned an r band magnitude, independent of its distance, sampled from a
uniform distribution between mbright = 20 and mfaint = 24.5, spanning the range in which we expect
our Y4 discovery efficiency to go from near unity to zero. Each TNO’s magnitude is assumed to be
constant (i.e. there is no lightcurve for the object). The colors are fixed and chosen to be similar
(but not identical) to those of (136199) Eris (Brown et al., 2005) as observed by DES : g − r = 0.55,
r − i = 0.07, r − z = −0.02 and r − Y = −0.04.
The transient catalog used in the search includes these fakes, and the process is blinded in that
the linking algorithms make no distinction between real and fake transients.
16 By

having v ∝ f 1/3 , the velocities are uniformly distributed in volume in the sphere with radius vesc .
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2.5.3

Completeness estimates

Figure 2.13, shows (at left) the frequency of observations and detections for a population of ≈
200, 000 fakes. Here we can see that the typical TNO is observed on ≈ 20 distinct nights of the
Y4 data, with a tail to low values for TNOs that move in or out of the survey footprint during the
survey. This will occur near the edges and along the thin equatorial stripe of the footprint. Fainter
objects are detected in fewer observations, once mr > 21. In the range 23 < mr < 23.5, about half
of fake TNOs are “recoverable” by our criterion that they have NUNIQUE ≥ 6. The right-hand panel
integrates over all orbital parameters to give the effective survey area as a function of mr , indicating
that the detection and linkage are highly complete for mr < 23, and 50% complete at mr ≈ 23.3
(assuming that all colors are Eris-like). Figures 2.14 shows the recovery efficiency as a function of
inclination and barycentric distance, indicating that there is very little dependence on the orbital
properties of an object at fixed apparent magnitude. The DES footprint is much broader than a
typical TNO’s orbital path, except for the narrow equatorial stripe, meaning that the detectability
of a TNO is almost entirely a function of apparent magnitude once it has distance > 30 AU. A
minor exception is for TNOs with inclination near 0◦ or 180◦ , for which a significant fraction of our
coverage is in the narrow strip.
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Figure 2.13 Left: The brown curve plots the distribution of the number of DES observations (i.e.
the TNO falls on a CCD) for a sample of 196,663 simulated TNOs evenly distributed in the DES
footprint. The other curves at left show the distribution of number of these observations that would
result in detections (i.e. signal above detection threshold), as a function of r band magnitude The
shaded area indicates the region with less than 6 detections—there are many spurious linkages with
< 6 detections, so we do not yet report TNO detections in this regime. Right: Effective search area
for an object vs. magnitude, averaged over orbital parameters for the simulated TNO population.
An object is considered as recoverable if it is detected in more than 6 unique nights. A logit fit
(similar to equation 2.4) to this function shows that m50 = 23.29.
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Figure 2.14 Left: Probability of recovery of an object with a given inclination on the complete regime
(blue, mr < 23.4) and for all simulated objects (red). Since the survey’s longitudinal coverage at
low ecliptic latitudes is not as extensive as at high latitudes (see Figure 2.1), objects with i . 10
and i & 170◦ have a higher chance of leaving the nominal footprint. Right: Effective search area
as a function of barycentric distance, showing very little dependence of recovery probability on an
object’s distance.

2.5.4

Completeness over previously known TNOs

A search of the Minor Planet Center database for known TNOs that were within the FOV of at least
6 of the DES Y4 griz exposures shows that all such objects above our estimated r = 23.3 mag 50%
completeness level are indeed among our 316 detections. The brightest of these known TNOs that we
do not re-discover is 2013 RY108 , at r = 23.47, which was in fact discovered from the deep supernovasearch images in DES. It is in the FOV for 13 wide-survey exposures on 9 distinct nights, but was
only detected in 3 of these exposures. This is fully consistent with our estimated completeness
thresholds. The final DES TNO search will have a lower single-epoch detection threshold, and more
exposures, that should enable discovery of many similar TNOs.

2.6

Catalog of DES TNOs

In Table 2.2, we present the 316 objects that pass the STS test shown in Figure 2.12. Additionally,
distinct objects found in other searches of DES data and reported to the MPC are listed in Table
2.3 (Khain et al., 2020). The other searches include data from the deeper, high-cadence supernova
fields, and also discovered objects at distances < 30 AU, which would be missed by the Y4 search.
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Figure 2.15 χ2 per degree of freedom ν for all 424 candidate orbits, with the blue curve representing the 316 confirmed linkages, and the red representing the candidate orbits rejected as spurious
linkages. The black line marks the mean of the blue histogram, hχ2 /νi = 1.13. The dashed curve
represents the χ2 /ν distribution for the 1727 fakes inserted into the catalog and retrieved by the
linking process. The “Fakes” histogram is normalized to the same sum (316) as the real detections
for easy comparison, showing the real sources to be only slightly poorer fits to their orbits, on
average.
Since the other searches are not as homogeneous across the DES footprint as the Y4 search, the
statistical summaries presented here include only objects detected in the Y4 search.
The histogram of the astrometric χ2 per degree of freedom of best-fit orbits is presented in
Figure 2.15. This histogram suggests that our positional accuracies are estimated to good precision,
since the peak is close to χ2 /ν = 1. More precisely, the mean hχ2 /νi = 1.13 suggests that our
errors are slightly underestimated. A similar conclusion can be drawn from comparing to the χ2 /ν

distribution of the implanted fake detections, for which we know the observational errors exactly, and
which yield a slightly lower distribution. An 11% increase in the astrometric covariance matrices,
corresponding to a 5% increase in errors on positions and orbital elements in real detections, leads to
good agreement between the fitted χ2 and a true χ2 distribution. This potential 5% underestimate
of orbital errors should be considered a maximum value, since some of the inflated χ2 values could
instead arise from small photocenter motions in binary TNOs. A significant fraction of cold classical
TNOs (i . 5◦ ) are expected to be binaries (Stephens & Noll, 2006), and we would not want to cut
these from our sample. The only one of our detected TNOs in W. Grundy’s list of known binaries17
is Eris, a large-mass-ratio binary for which photocenter motion should be small, so we cannot yet
verify any cases of binary-inflated χ2 . We note that hχ2 /νi for the cold classicals is higher than
17 http://www2.lowell.edu/

~grundy/tnbs/status.html, accessed Jan. 8, 2020.
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Figure 2.16 Comparison of σa /a for the 436 OSSOS (Bannister et al., 2018) classical TNOs to the
134 from DES. The median DES orbital uncertainty is ≈ 1.5× lower than than those from OSSOS,
without the need for targeted followup observations.
average at 1.31, but we have not yet investigated whether this is attributable to binaries.
Figure 2.16 compares the quality of the orbits obtained here to the ones from OSSOS (Bannister
et al., 2018), where we see that the mean error of the DES detections’ semi-major axis is lower than
those of OSSOS, without the need for targeted followup. The median DES error on a of a classical
KBO is ≈ 1.5 lower than in OSSOS, and will decrease with inclusion of the final 2 years’ survey
data.
The semi-major axes, eccentricities and inclinations for all Y4 objects are plotted in Figure 2.17,
their magnitudes in Figure 2.18, and their locations for a fixed epoch in Figure 2.19. We highlight
the following properties of our sample:
• Of the 316 objects reported here, 139 are reported here for the first time, and 245 are DES
discoveries. In Table 2.4, we further divide the objects by dynamical classes following Gladman
et al. (2008). The full methodology is presented in Khain et al. (2020). The classification is
made by integrating ten clones of each object for 10 Myr, and resonances of the form p : q,
p, q ∈ [1, 26] are identified using an automated system.
• We have 54 detached objects in our sample, one of the largest samples of this population to
date, although some of the detached objects near high order resonances with Neptune might
end up reclassified as resonant as the orbits are refined.
• There are 87 confirmed resonant objects, with another 13 resonant candidates. Of the con-
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Figure 2.17 Semi-major axis versus eccentricity and inclination for the 316 TNOs found in DES
data. The approximate semi-major axis location of some resonances with Neptune is shown by the
dashed vertical lines, and the dotted lines in the upper panel represent lines of constant perihelion,
color-coded by which dynamical population each object belongs to. Table 2.4 lists the number of
objects per dynamical class and resonance. We note here that some objects near high order mean
motion resonances with Neptune might be identified as “detached” due to uncertainties in the orbit
parameters.
firmed objects, 7 are Neptune Trojans (four of them new to this work), 30 plutinos and two
in the 4:1 resonance. There is one 16:3 resonant candidate (a ∼ 91.1 AU).
• There are seven extreme TNOs (a > 150 AU, q > 30 AU), including one a > 250 AU object
new to this work.
• Since most of our area is far from the ecliptic, almost half of our sample consists of objects
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Figure 2.18 Left: Histogram of apparent r band magnitudes for all recovered objects, with the black
line indicating the magnitude of 50% completeness of the survey at m50 = 23.3. Right: Discovery
distance vs. absolute r magnitude for all objects, color coded to indicate whether the object was
known before DES or not. Note that, in both figures, Eris is indicated to be outside the plot’s
range. 2014 UZ224 is outside the range of the second figure as well. The magnitudes (mr and Hr )
and distances for these objects are indicated in parenthesis.
with i > 20◦ .
• The flattened distribution of the Kuiper belt is readily apparent, and indeed we have discovered
no TNOs more than 55◦ from the ecliptic plane despite substantial sensitivity outside this range
(compare Figure 2.19 to Figure 2.14).
• The truncation of the classical Kuiper Belt (Allen et al., 2001) at the 2:1 resonance is also
apparent, demonstrated by the small absence of low-eccentricity objects past 48 AU (upper
panel of Figure 2.17).
• The sample contains several extreme TNOs and several high-inclination (i > 40◦ ) objects that
are difficult to produce in basic formation scenarios, and should be highly constraining for
alternative dynamical scenarios.
Detailed characterization of the TNO populations will be presented in future publications.

2.7

Summary and prospects

We report 316 trans-Neptunian objects found in the first four years of data from the 5000 deg2 Dark
Energy Survey. The astrometry for this sample was calibrated to Gaia Data Release 1. This search
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Table 2.2. DES trans-Neptunian objects. The description of each column is given here. The table
will be provided in a machine-readable format. Each uncertainty is the 1-σ uncertainty
marginalized over all other orbital parameters. All of the elements reported are barycentric and
refer to epoch 2016.0. Table provided in the supplementary files.
Column name and Symbol

Unit

MPC
DES
a (a)
sigma a (σa )
e (e)
sigma e (σe )
i (i)
sigma i (σi )
aop (ω)
sigma aop (σω )
lan (Ω)
sigma lan (σΩ )
T p (Tp )
sigma T (σT )
q (q)
sigma q (σq )
d (d)
sigma d (σd )
m r (mr )
sigma m (σm )
H r (Hr )
sigma H (σH )
NUNIQUE

AU
AU

deg
deg
deg
deg
deg
deg
UTC Modified Julian date
days
AU
AU
AU
AU
mag
mag
mag
mag

NDETECT
CHI2(χ2 )
x, y, z (3 columns, x, y, z)
v x, v y, v z (3 columns, vx , vy , vz )
Sigma mu nu (21 columns, Σµ,ν )
Class

AU
AU/year
(AU, AU/yr)2

Description
Minor Planet Center object
designation
DES object designation
Semi-major axis of the orbit
Uncertainty in a
Eccentricity
Uncertainty in e
Inclination
Uncertainty in i
Argument of perihelion
Uncertainty in ω
Longitude of ascending node
Uncertainty in Ω
Time of perihelion passage
Uncertainty in Tp
Perihelion distance
Uncertainty in q
Discovery distance (geocentric)
Uncertainty in d
Mean r band magnitude
Uncertainty in mr
Absolute r band magnitude
Uncertainty in Hr
Number of unique nights
of detections
Number of detections
χ2 of the orbit fit
(ν = 2 × NDETECT − 6)
ICRS-oriented positions
ICRS-oriented velocities
µ, ν element of the state vector
covariance matrix.
Dynamical classification
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Figure 2.19 Location of the TNOs reported here at the epoch JD = 2457388.4 (January 1st , 2016).
The color scale represents the discovery distance (note that two of the objects were found at d >
90 AU). The black line bounds the survey footprint. Note the paucity of TNO detections at ecliptic
latitudes below −50◦ .
is complete to magnitude mr ≈ 23.3. DES is a temporally sparse survey, requiring us to develop
new methods to identify moving objects and link them into orbits. A technique applied here to
TNOs for the first time (to our knowledge) is to confirm orbital discoveries using the “sub-threshold
significance” statistic, whereby we stack along the orbit using only exposures that are statistically
independent of the ones used to discover the object. This provides a very clear distinction between
real sources and spurious linkages. The need for this arises from the fact that, in a survey as large
as DES, distinct asteroid detections or defects can align so as to mimic a true TNO on as many as
7 distinct nights spread over multiple years.
The large contiguous field and homogeneous coverage of DES is shown to yield a selection
function that is nearly independent of orbital elements, as long as the orbit and source magnitude
yield detections on at least 6 DES exposures spanning multiple seasons. This will make it relatively
straightforward to compare the DES Y4 catalog to candidate models of TNO populations. Each
detected object has already been observed in 5 filters with multiple years’ arc, and the survey spans
a large range of ecliptic latitude, making it valuable for comparisons to theory. We plan, however,
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Table 2.3. Known trans-Neptunian objects found in other searches of DES data. The details of
this search are explained elsewhere (Khain et al., 2020). Table provided in the supplementary files.
Column name

Unit

Description

MPC
a
sigma a
e
sigma e
i
sigma i
aop
sigma aop
lan
sigma lan
Tp
sigma T
Reason

a
σa
e
σe
i
σi
ω
σω
Ω
σΩ
Tp
σT

AU
AU

deg
deg
deg
deg
deg
deg
UTC Modified Julian date
days

Minor Planet Center object designation
Semi-major axis of the best-fit orbit
Uncertainty in a
Eccentricity
Uncertainty in e
Inclination
Uncertainty in i
Argument of perihelion
Uncertainty in ω
Longitude of ascending node
Uncertainty in Ω
Time of perihelion passage
Uncertainty in Tp
Reason the object was missed1

1

d: deep fields, m: missing from transient catalog, l: failed linkage, c: geocentric distance closer
than 30 AU, s: short arc (i.e. ARCCUT < 6 months)

to defer the most detailed comparisons until we apply our methods to the full DES dataset.
We expect many improvements for the final analysis of DES data from the full six years of
the survey. The SExtractor (Bertin & Arnouts, 1996) detection filter has been changed to better
approximate the PSF for DES images, and the detection threshold has been lowered. These should
yield 0.3 mag fainter m50 with only modest increase in the size of transient catalog. We also will
have full 10-tiling coadds, leading to more efficient rejection of stationary objects. With the six
years of data, we expect that most orbit arcs will all be at least 3 years long, and our photometry
will be improved from multiple epochs of data. In addition, our astrometry will be calibrated to
Gaia Data Release 2 (Gaia Collaboration et al., 2018).
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Table 2.4. Dynamical classification of the 316 objects following Gladman et al. (2008) (see Khain
et al., 2020, for details). The resonant objects are presented in order of increasing semi-major axis,
with the approximate value presented in parenthesis.
Dynamical class

Number of Objects

Classical belt
Scattering
Detached
Mean-motion resonators with Neptune
1:1 (30.1 AU)
5:4 (34.9 AU)
4:3 (36.3 AU)
3:2 (39.4 AU)
5:3 (42.3 AU)
12:7 (43.1 AU)
7:4 (43.7 AU)
2:1 (47.7 AU)
21:10 (49.3 AU)
13:6 (50.4 AU)
9:4 (51.7 AU)
7:3 (52.9 AU)
5:2 (55.4 AU)
3:1 (62.6 AU)
16:5 (65.4 AU)
10:3 (67.1 AU)
7:2 (69.4 AU)
4:1 (75.8 AU)
16:3 (91.9 AU)
Total

134
28
54
Number of objects
7
1
7
30 + 4 candidates
6
1 candidate
12
5 + 2 candidates
1
1
1 candidate
1 + 2 candidates
8 + 1 candidate
1
1
1
3 + 1 candidate
2
1 candidate
316

Chapter 3

Testing the isotropy of the Dark Energy
Survey’s extreme trans-Neptunian
Objects
This chapter has been published as Pedro H. Bernardinelli et al 2020 Planet. Sci. J. 1 28 (Bernardinelli et al., 2020b).

3.1

Introduction

Trujillo & Sheppard (2014) noted that the sample of then-known trans-Neptunian objects (TNOs)
with semi-major axis a > 150 AU and perihelion q > 30 AU seemed clustered in their arguments of
perihelion near ω ≈ 0◦ . Batygin & Brown (2016a) argue that TNOs with a > 250 AU are also clus-

tered in their longitude of ascending node, at 90◦ . Ω . 180◦ , defining the direction of the orbital
pole. They also find clustering in longitude of perihelion, at 0◦ . $ ≡ Ω + ω . 90◦ (the apsidal
orientation of the orbit), which would indicate a physical alignment of the orbits. The hypothesized
dynamical mechanism to stabilize these angles is the presence of a distant planetary-mass perturber
(“Planet 9”), extensively reviewed in Batygin et al. (2019), but question remains as to the statistical
significance of this clustering in the face of survey selection effects (Shankman et al., 2017; Lawler
et al., 2017; Kavelaars et al., 2020). The proposed perturber can also generate high-inclination
orbits (Batygin & Brown, 2016b; Batygin & Morbidelli, 2017), and in some scenarios account for
the obliquity of the Sun (Bailey et al., 2016; Gomes et al., 2016; Lai, 2016). The inclination instability mechanism proposed in Madigan & McCourt (2016) can also potentially account for both the
argument of perihelion and apsidal clustering (Zderic & Madigan, 2020) without a ninth planet.
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Since Trujillo & Sheppard (2014), numerous other of these “extreme” TNOs (eTNOs; a >
150 AU, q > 30 AU) have been discovered (Bannister et al., 2016a, 2018; Sheppard & Trujillo, 2016;
Becker et al., 2018; Khain et al., 2018, 2020; Sheppard et al., 2019; Bernardinelli et al., 2020a).
Shankman et al. (2017) present an analysis of the OSSOS (Bannister et al., 2016a, 2018) sample
of extreme TNOs, using a survey simulator to demonstrate the non-intuitive biases involved in
detecting such objects, and to conclude that the distribution of the 8 OSSOS eTNOs is consistent
with uniformity in Ω, ω, and $.18 Sheppard et al. (2019) find a modest-significance clustering in
the objects with low observational biases, and the analysis of the Minor Planet Center sample by
Batygin & Brown (2016a), Brown (2017) and Brown & Batygin (2019) find that there is a small
chance of accidental clustering of these objects, albeit with less complete information about the
selection function of the discovery surveys. Trujillo (2020) reviews the observational evidence and
the statistical significance of the alignment in the distant TNO populations.
We conduct here an independent test of azimuthal isotropy using the eTNOs detected by the Dark
Energy Survey (DES, Bernardinelli et al., 2020a), fully accounting for this survey’s observational
characteristics and recoverability. More precisely: we seek a model of the underlying population
of eTNOs which (1) is uniformly distributed in Ω and ω (and hence in $) as well as in mean
anomaly M, and which (2) after applying the survey selection function, predicts a distribution in
{a, e, i, H, Ω, ω} which is consistent with that of the true eTNO sample. If we find such an isotropic
distribution which matches the observations, we cannot claim evidence of orbital alignments in the
DES Y4 eTNO sample. A similar analysis using this survey’s difference imaging sample has been
presented in Hamilton (2019) and is summarized in Section 3.5.

3.2

Sample of extreme trans-Neptunian objects

The DES surveyed 5000 deg2 of sky repeatedly over six observing seasons (2013–2019) with the 3
deg2 , 520 Mpix Dark Energy Camera (Flaugher et al., 2015, DECam) in the grizY optical/NIR
bands. The full (wide) survey tiles the footprint with 10 × 90 seconds exposures in the griz bands
and 6 × 45 + 2 × 90 seconds exposures in Y band, with a total of ≈ 80, 000 exposures. Bernardinelli
et al. (2020a) describe the methodology that allows the recovery of TNOs in the DES, and present
a catalog of 316 TNOs detected in the first four years of the survey (Y4; ≈ 60, 000 images), with
typical r band exposures being complete to r ∼ 23.5. These objects have multi-year arcs, at least 6
unique nights of detections, and grizY photometry, yielding uncertainties in orbital elements and H
18 Bannister

et al. (2018) repeat the test with one more object.
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that are negligible for the isotropy test ( σaa . 3%, σ . 0.5◦ for all angular variables, and σH . 0.1
mag). Bernardinelli et al. (2020a) also introduce a methodology for testing the completeness of the
survey, which will be extended in this work.
Among the 316 objects of the Y4 sample, seven satisfy the original eTNO definition of Trujillo
& Sheppard (2014): a > 150 AU and q > 30 AU. The barycentric orbital elements and absolute
magnitudes of these objects are presented in Table 3.1. The ecliptic-plane projection of the orbits,
as well as a projection of DES ’s footprint, are plotted in Figure 3.1. We refer the reader to Figures
1 and 19 of Bernardinelli et al. (2020a) for images of the full DES footprint. Given that the angular
clustering in {Ω, ω, $} has been claimed to be present in a variety of subsets of this loosest definition,
we will conduct our tests for four cases:
1. a > 150 AU, q > 30 AU (the full 7-object set), as in Trujillo & Sheppard (2014),
2. a > 250 AU, q > 30 AU (4 DES objects), where Batygin & Brown (2016a) find there is a
clustering in Ω and $;
3. a > 150 AU, q > 37 AU (4 DES objects), eliminating objects with the stronger interactions
with Neptune (Lykawka & Mukai, 2007; see also discussion on Shankman et al., 2017);
4. a > 250 AU, q > 37 AU (3 DES objects), combining both restrictions.
The objects belonging to the fourth case are the ones least influenced by Neptune and thus offer
the cleanest test for influences from a Planet 9. Given the small observed population for case (4),
however, the tests are going to be weak, and we are wise to also examine the less-restrictive cases
(1)–(3) despite potentially weaker signals.
We note that the DES eTNO sample has no overlap with the objects analyzed by Batygin &
Brown (2016a), Brown (2017), Sheppard et al. (2019), nor with the OSSOS sample of Shankman et al.
(2017), thus making this test largely statistically independent of these predecessors. Despite this
independence, the distributions of ω, Ω and $ for the DES sample (see Table 3.1) show tendencies
to lie in the ranges earlier suggested as being over-populated. It is of interest, therefore, to see if
the apparent clustering in this independent sample can be explained as a selection effect.

3.3

Simulated isotropic population

We use a simple construction to create a population that is isotropic in {M, Ω, ω} but predicts a
distribution p(a, e, i, H|s) (conditioned on successful detection s) that is consistent with that of the
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Table 3.1. Barycentric orbital elements at barycentric Julian date 2016.0, absolute r band
magnitude, and r band magnitude at discovery for the sample of eTNOs. See Bernardinelli et al.
(2020a) for more details and state vectors with full covariance matrices for these objects. The last
column indicates which of the cases defined in section 3.2 each object belongs to. Objects marked
with ? were also used in the Hamilton (2019) analysis (section 3.5). Uncertainties are given in
parentheses when they exceed the printed precision (rigorous uncertainties are not available for
2013 RF98 , orbital elements obtained using JPL Horizons).
MPC id

a (AU)

e

2013 RA109
2015 BP519
2013 SL102
2014 WB556
2016 SG58
2016 QV89
2015 SO20
2013 RF98

463.3(2)
449.3(8)
314.3(1)
289.3(6.2)
233.0(1)
171.6(2)
164.7
358.2

0.901
0.922
0.879
0.853
0.849
0.767
0.799
0.90

i (deg)

Ω (deg)

12.39
54.11
6.50
24.15
13.22
21.38
23.41
23.54

104.79
135.21
94.73
114.89
118.97
173.21
33.63
67.63

ω (deg)
262.91(1)
348.06
265.49
234.53(49)
296.29
281.08(1)
354.78(3)
312.05

$ (deg)
7.71
123.27
0.22
-10.56
55.27
94.29
28.42
19.68

q (AU)

Hr

mr

Cases

46.0
35.2(1)
38.1
42.5(1.9)
35.1
40.0(1)
33.2
36.1

5.9
4.3
7.1
7.2
7.2
5.9
6.6
8.6

22.6
21.7
22.9
23.7
22.8
22.8
21.8
24.2

1,2,3,4,?
1,2,?
1,2,3,4,?
1,2,3,4
1
1,3
1
?

detected eTNOs. Indexing the latter by j, we posit an underlying population with
p(a, e, i, Ω, ω, M, H) ∝

X δ(a − aj )δ(e − ej )δ(i − ij )δ(H − Hj )
u(M)u(Ω)u(ω).
p(s|aj , ej , ij , Hj )
j

(3.1)

In this equation, u(θ) is a uniform distribution over θ ∈ [0, 2π], δ is the Dirac delta function, and
p(s|a, e, i, H) is the probability of detection of an eTNO in DES when averaged over (M, Ω, ω). In
other words we replicate each detected object, randomizing its Ω, ω, and M, and weighting inversely
by the fraction of randomized objects that are detected. It is then easy to see that the randomized
ensemble has a distribution
p(a, e, i, H|s) ∝

X
j

δ(a − aj )δ(e − ej )δ(i − ij )δ(H − Hj )

(3.2)

and therefore is a precise match to the detected ensemble. While of course not a realistic model of
the underlying eTNO population, it is the simplest way to create a synthetic population that meets
the criteria of isotropy and agreement with the distribution of “uninteresting” parameters.
To realize the simulated population described by Equation (3.1), we start by creating 40 million
clones of each detected eTNO j for which Ω, ω, and M have been redistributed uniformly while

retaining a, e, i, and H. We limit the sampling of M to be uniform between −15◦ and 15◦ , as all of
the detected objects would be too distant and faint to be detected outside this range. This limited
sampling translates to a normalization factor of

30
360

in each p(s|aj , ej , ij , Hj ). Since we are only

interested in relative detection probabilities, this normalization can be safely ignored.
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Figure 3.1 Ecliptic xy plane projection of the orbits of the seven eTNOs. The gray shaded sector
in both panels represents the ecliptic extent of the DES footprint at ecliptic latitude ` = −45◦ ,
and the longitudinal extent of the footprint at lower ` is denoted by the red (` = 0◦ ) and blue
(` = −30◦ ) radial lines/sectors in the left panel. Solid lines represent orbits with q > 37 AU, while
dashed represent 30 < q < 37 AU. The green lines correspond to objects with a > 250 AU, and the
purple to the ones with 150 < a < 250 AU. The right panel presents a closer view of the orbits,
with a star denoting the location of each object at the time of its detection and circles marking their
perihelia. The blue circle marks Neptune’s orbit (and the blue dot its location at barycentric Julian
date 2016.0), and the black one represents a distance of 37 AU from the center.
For each member of the simulated swarm, we determine all exposures for which the object would
be inside a functional DECam CCD and proceed to use the probability p(m) that a point source with
magnitude m would be detected in this exposure (see section 2.6 of Bernardinelli et al., 2020a). If
p(m) for the simulated object’s m is larger than a random unit deviate, this observation is considered
a detection of this object.
Once we evaluate all exposures that contain the orbit, we apply the selection criteria used by
Bernardinelli et al. (2020a) for the DES Y4 search: the number of unique nights in which an object
was detected must satisfy NUNIQUE ≥ 6; the length of the orbital arc must satisfy ARC > 6 months;
and the shortest arc that remains after eliminating any one night of detections must also satisfy
ARCCUT > 6 months.
The fraction of all simulated clones of object j that survive these cuts defines the p(s|a, e, i, H)
that is in the denominator of Equation (3.1). Once the simulation is complete, we can calculate the
expected p(Ω|s), p(ω|s), and p($|s) of the isotropic population by a histogram of the values for all
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the clones deemed as detections, weighting inversely by the p(s) values. Normalizing the histograms
to unit integral yields estimates of the probability of detection of an eTNO with angle θ ∈ {ω, Ω, $}.
If an object satisfies more than one of our four cases of eTNO definitions, we reuse a single set of
clones for all cases, leading to correlations in the small-scale noise of the probabilities for different
cases.
Figure 3.2 shows these angular selection functions for each of the four eTNO definitions and each
of the three angles. We note to begin that the selection functions are very similar for all four cases,
suggesting that these functions are robust to details of the definition of the {a, e, i, H} distribution.
The DES selection function for longitude of perihelion ($) is seen to be quite narrow. This is not
surprising, since the DES footprint is confined to a narrow range of ecliptic longitude, and we will
have a strong bias toward objects that reach perihelion within the footprint, particularly for the
high e’s typical of eTNOs. The strong bias in Ω seen in Figure 3.2 is also easily understood as a
consequence of the DES footprint being almost entirely in the southern ecliptic hemisphere, in a
limited range of ecliptic longitude.

3.4

Isotropy tests

We compare the p(θ|s) probability distributions derived for an underlying azimuthally isotropic
population to the observed distribution of θ ∈ {Ω, ω, $} by applying Kuiper’s test (Kuiper, 1960),
an extension of the Kolmogorov-Smirnov test that is invariant under cyclic permutations as well
as being sensitive both in the median and in the tails of the distribution. For each case of eTNO
definition, the significance of this test is measured by computing Kuiper’s statistic Vreal for the true
detected eTNOs to the Vfake values computed for 106 sets of simulated detections sampled from the
isotropized distribution. The p-value is the fraction of times Vfake > Vreal , i.e. the probability that
a Kuiper statistic value as high as the one observed would arise if the angles were drawn from the
isotropic population. A test with p-value of 0.05 rejects the null hypothesis with 95% confidence,
with lower p-values increasing this confidence. We note that this isotropy test is similar to Shankman
et al. (2017)’s test on the OSSOS data, in which a population model for eTNOs is built for the null
hypothesis. Table 3.2 reports the p-value of this test for each combination of orbital angle and eTNO
definition, for a total of 12 tests.
The p-values for the Kuiper test indicate that the DES observations are consistent with being
drawn from the isotropic population model, with the possible exception of a low-significance discrepancy (p ≈ 0.025) in the longitude of ascending node (Ω) distribution for cases (2) and (4) at
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Figure 3.2 Relative probability histograms of Ω, ω, and $ for the detected members of a parent
population constructed to be intrinsically isotropic in these variables while exactly reproducing
the observed (a, e, i, H) distribution of the detected objects. Histograms normalized to a common
integral are shown for each of the four cases of eTNO definitions given in Section 3.2—note that
the angular selection functions are very robust to choice of the underlying population. The vertical
lines denote the angles at which objects were actually detected in the DES Y4 search. The line
color denotes the semi-major axis range (purple, 150 < a < 250 AU; green, a > 250 AU), and the
line style denotes the perihelion range (dashed, 30 < q < 37 AU; solid, q > 37 AU).
a > 250 AU. Note that we have performed 12 distinct tests in a small data set, so we cannot claim
a significant clustering from a single test at this p-value. Given that the 12 tests are highly correlated, we unfortunately have no straightforward means of determining an overall significance of the
ensemble. If the tests were fully correlated, then of course the chances of observing one at p ≤ 0.024
in an isotropic population would be 2.4%. If the 12 tests were fully uncorrelated, the chance of
having p ≤ 0.024 in one or more tests would be 1 − (0.976)12 = 25%; these can be considered lower
and upper bounds on the overall significance of anisotropy. The p-values of the ensembles remain
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very sensitive to small changes in the eTNO definition, due to the small number of detections, which
counsels further caution in assigning significance to the appearance of p ≈ 0.025 values in our ensemble of tests. For example, adopting an eTNO definition of a > 230 AU (following Brown, 2017;
Brown & Batygin, 2019), yields p-values for the {ω, Ω, $} distributions of {0.468, 0.006, 0.532}, respectively. While the nodal clustering becomes apparently stronger, this is not the only variable in
which Brown & Batygin (2019) find a signal for their sample, and there is no evidence for clustering
in ω or $, the variables in which they reported the strongest TNO alignments. Perhaps the most
conservative approach would be to examine only the test for $, the variable previously found to have
the strongest clustering, using Case (4), which isolates the objects most sensitive to the dynamical
effect of Planet 9 and least influenced by Neptune. For this single test, p = 0.11, meaning the null
hypothesis of isotropy is rejectable with only 89% confidence.
One other statistic that we can use to judge the agreement between the observed and isotropized
populations is the overall likelihood of the observed values of orbital angle θ ∈ {Ω, ω, $}:
L ≡ p ({θj }) =

Y
j

p(θj |s),

(3.3)

taking the probability densities p(θ|s) directly from the simulation-derived histograms in Figure 3.2.
While the ensemble likelihoods L are not themselves readily interpretable, we can produce an expected cumulative distribution function for L under the null hypothesis (isotropy) by calculating
it for a large number of sets of “detections” drawn at random from the simulated population. We
denote by f the fraction of sets of simulated isotropic detections that yield L lower than that for the
true detected objects. The f -test is more sensitive to individual objects being detected at the tails of
the isotropic distribution, but unlike the Kuiper test it does not consider the collective distribution.
For example the f test would not register an abnormality if all the detections were on one side of a
symmetric distribution. So the tests can be seen as complimentary and should not be expected to
yeld similar significance.
The f -values for each combination of orbital angle θ ∈ {Ω, ω, $} and eTNO definition are also
listed in Table 3.2. For $, all f -values are in the 20 ∼ 30% range, and in the 50 ∼ 60% range for Ω,
so the measured angles are not particularly likely or unlikely given the survey’s selection functions.
All eTNO definitions present a somewhat high f (> 90%) for ω, meaning that these detections are
among the most likely outcomes possible given the isotropized distribution. This is not a surprise,
since visual inspection of the ω selection functions (Figure 3.2) shows that all objects are in the
region of highest probability. In sum, the L statistics are fully compatible with the null hypothesis
of isotropy.
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Table 3.2. p-values derived using Kuiper’s test applied to the four distinct eTNO definitions
(Section 3.2) studied here measuring how likely it is that the measured objects come from a
uniform underlying distribution. The f values represent the fraction of simulated isotropic
detections that yield a likelihood L lower than the one for the true objects. Lower f or p values
represent more significant deviations from isotropy.
Case
Case
Case
Case
Case

3.5

1
2
3
4

p($)

f ($)

p(Ω)

f (Ω)

p(ω)

f (ω)

0.933
0.313
0.361
0.109

0.235
0.282
0.192
0.300

0.180
0.028
0.211
0.024

0.595
0.525
0.628
0.498

0.393
0.326
0.053
0.072

0.960
0.938
0.973
0.933

Alternative analysis

A distinct analysis of the isotropy of DES extreme-TNO detections is reported in full by Hamilton
(2019), reaching the same conclusions as presented above, namely that the DES data do not by
themselves offer strong evidence of alignments in the outermost known solar system. We highlight
the major ways in which the Hamilton (2019) analysis differs from that presented above—details
can be found in the publication.
• Single-night transients were discovered using difference imaging (Kessler et al., 2015; Herner
et al., 2020), rather than the catalog-level comparisons of Bernardinelli et al. (2020a).
• The difference imaging was executed on a subset of the first three years of DES imaging, rather
than on the full four-year data reported herein.
• The alternative analysis includes TNOs discovered in the DES supernova-search fields, whereas
the Y4 analysis herein does not.
• Different software and algorithms were used to link TNOs from the collection of detected
transients.
• The detection completeness of individual exposures for point sources was determined by measuring the signal-to-noise ratio of sources of fixed, bright magnitude injected directly into the
images, and calibrating this S/N level into a point-source completeness threshold (Kessler
et al., 2015). The method of Bernardinelli et al. (2020a) is to determine detection efficiency
vs. magnitude using faint stars in the fields.
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• The alternative analysis creates expected distributions for Ω, $, and ω using a null hypothesis
positing a chosen smooth distribution of sources in the space of {a, e, i, H} with isotropy in
{Ω, ω}, as opposed to this paper’s technique of building the null-hypothesis population from
isotropized copies of the discovered objects.
This difference-imaging search yields a sample of 4 TNOs meeting a definition of “extreme” as
a > 250 AU, q > 30 AU, the same as case (2) above—although these are not the same 4 objects as
in the case (2) analysis: 2013 RF98 was discovered in the DES supernova-search fields, while 2014
WB556 had not been discovered.
Figures 5.1 of Hamilton (2019) present the null-hypothesis and the observed distributions of Ω, ω,
and $ in analogy with Figures 3.2 above, and look very similar despite very different implementations
of the processing steps. The Kuiper test statistic for departures from isotropy in Ω, ω, and $ are
found to be exceeded by 8%, 24%, and 43% of the null-hypothesis distributions, respectively (see
Figure 5.3). This leads to the same conclusions as the corresponding values of 3%, 32%, and 33%
for Case 2 in Table 3.2.

3.6

Conclusion

We succeeded with little difficulty in creating an isotropic population model for eTNOs that matches
the DES observations. The populations at a > 250 AU are only marginally compatible with isotropy
in Ω (p ≈ 0.025, f ≈ 0.5), but this discrepancy is not strong enough to falsify the isotropy hypothesis
given the small samples and multiple variables that we test. Similar to Shankman et al. (2017)’s
analysis of the well-characterized OSSOS data, our analysis of the DES data does not present
evidence of the Planet 9 hypothesis. We note that the consistency with an isotropic model does
not falsify the Planet 9 hypothesis. Falsification would require that one show that all population
models under this hypothesis are inconsistent with the data. The DES selection function is narrow
in $, reducing our sensitivity to true anisotropies. On the other hand, with a larger sample any $
distribution that is not constant across our limited window would eventually be detectable. When
the full six years of DES observations are analyzed, the geometry of the selection functions should
not change much, but the final catalog is expected to yield detections 0.5 magnitudes deeper, likely
increasing the total number of eTNOs in our sample.

Chapter 4

The search of the entire six years of the
Dark Energy Survey for trans-Neptunian
objects
4.1

Introduction

The population of small bodies orbiting beyond Neptune is a remnant of the formation history of the
Solar System. The current orbital distribution of these trans-Neptunian objects (TNOs) is the result
of the migration of the giant planets (Fernández & Ip, 1984; Tsiganis et al., 2005; Levison et al.,
2008) and, since the discovery of the first Kuiper belt object by Jewitt & Luu (1993), numerous
subsequent surveys of the trans-Neptunian region have identified thousands of objects (e.g. Jewitt &
Luu, 1995; Gladman et al., 1998; Allen et al., 2001, 2002; Trujillo & Brown, 2001; Millis et al., 2002;
Bernstein et al., 2004; Elliot et al., 2005; Fuentes & Holman, 2008; Fraser et al., 2010; Schwamb
et al., 2010; Petit et al., 2011, 2017; Rabinowitz et al., 2012; Brown et al., 2015; Bannister et al.,
2016b, 2018; Sheppard et al., 2016, 2019; Weryk et al., 2016; Chen et al., 2018; Whidden et al.,
2019; Bernardinelli et al., 2020a)19 . The observed variety of dynamical classes (Gladman et al.,
2008) and surface compositions (Brown, 2012) has led to different hypotheses about the formation
of this region. Neptune’s migration can trap planetesimals into mean motion resonances (Malhotra,
1993, 1995), and gravitational interactions between Neptune and these planetesimals can further
excite their orbits (Gomes, 2003). More detailed models of the formation of this region include
instabilities in Neptune’s orbit (Dawson & Murray-Clay, 2012; Batygin et al., 2012), variations in
Neptune’s migration timescale and smoothness (Nesvorný, 2015b; Pike et al., 2017b), the effects of

19 Bannister

(2020) presents a comprehensive review of these surveys and summarizes their discoveries.
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a potential unobserved giant planet in the outer Solar System (Batygin et al., 2019), close stellar
encounters (Pfalzner et al., 2018), the effect of the birth environment of the Solar System (Adams,
2010), and Galactic tides (Duncan et al., 2008).
The Dark Energy Survey (DES, The Dark Energy Survey Collaboration, 2005, 2016) received an
allocation of 575 observing nights on the 4m Blanco Telescope in Cerro Tololo between 2013 and 2019
in the grizY optical/NIR bands with the 3 deg2 , 520 Mpix Dark Energy Camera (DECam, Flaugher
et al., 2015), with the primary objective of measuring the nature of the accelerated expansion of
the universe and the spatial distribution of dark matter (The Dark Energy Survey Collaboration,
2018a,b, 2019a,b,c). The “wide” component of the survey imaged a contiguous 5000 deg2 area of the
southern sky while the “supernova” survey was a high-cadence, small area (≈ 30 deg2 ) component
aimed at detecting and characterizing supernovae Type Ia (Bernstein et al., 2012). DES has reported
discoveries of individual TNOs of interest (Gerdes et al., 2016, 2017; Becker et al., 2018; Khain et al.,
2018; Lin et al., 2019), as well as dynamical classifications for many detected objects (Khain et al.,
2020; Bernardinelli et al., 2020a), statistical analyses of the population of large-a, large-q “extreme”
TNOs (Bernardinelli et al., 2020b; Napier et al., 2021), forecasts of future occultation events (BandaHuarca et al., 2019) and a survey of machine learning techniques for TNO searches (Henghes et al.,
2020).
Bernardinelli et al. (2020a, hereafter Paper I) presented the results of a uniform TNO search
in the first four years of DES data (“Y4”) that yielded 316 objects. The Y4 search required the
development of several algorithms for moving object identification, orbit linking and recovery, object
confirmation and simulations of object discovery and observational biases (see also Bernardinelli
et al., 2020b). In this paper, we describe a search of the full six years of DES data (“Y6”) for
TNOs. Methodological improvements over the Y4 search are described in Section 4.2. Section 4.3
characterizes the selection function for the Y6 DES TNO search, and describes tools that we make
available for simulating DES discoveries given hypothetical TNO populations. These are required
for statistical comparisons of theoretical TNO populations to the Y6 catalog of DES TNOs. We
demonstrate that the detection efficiency for bound objects at 30–2000 au distance is almost entirely
dependent on the mean r-band apparent magnitude of the TNO, and independent of light curve
amplitude, color, or orbital elements, aside from the considerations of having to reside within the
DES footprint for a sufficient fraction of the survey epoch.
Section 4.4 presents the catalog of TNOs detected in the full DES wide survey data. This catalog
has 769 confirmed objects with grizY photometry, high quality multi-year orbital solutions yielding
precise dynamical classifications, and well characterized observational biases. This is the second
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largest TNO catalog from a single survey to date, as well as the largest catalog with multi-band
photometry. Appendix 4.A describes a new triplet search algorithm developed for this search.

4.2

The Year 6 search

The search for TNOs in the DES data has 3 major stages:
1. The identification of single night transients, that is, a source that appears in the sky in a given
location for only a single night;
2. Orbit linking, where we “connect” all sets of transients that could potentially come from the
same outer-Solar-System object;
3. Verification of the linkage through the “sub-threshold significance” (STS) statistic, whereby
we stack all images containing the putative TNO that did not yield a detection, thus yielding
an independent check of whether the TNO actually exists.
These steps are summarized below, with more detailed description of any aspects that have
changed since the Y4 search. Table 4.1 outlines the search, and presents the number of sources
relevant to each step of the processing.

4.2.1

Data acquisition and image processing

The search presented here uses the DES Y6A2 internal release, including 83,706 exposures in the
wide survey, 76,217 of these passing quality cuts and being processed into the single-epoch (SE)
catalog, representing detections from each individual exposure, and the multi-epoch (coadd) catalog,
which averages all exposures in the same band and location. The DES image processing pipeline
is described in detail in Morganson et al. (2018), and the coadd catalogs as well as images used in
this work correspond to those in the DES Data Release 2 (The Dark Energy Survey Collaboration,
2021).
The nominal survey strategy (Diehl et al., 2016; Gruendl et al., 2018) was such that the 5000 deg2
footprint was tiled with 10 × 90 s exposures in each of the griz band (and 6 × 45 + 2 × 90 s exposures
in the Y band). Each point within the footprint has been imaged by working detector pixels in 7−10
exposures per band, typically 8 (The Dark Energy Survey Collaboration, 2021). The observation
scheduler (Neilsen & Annis, 2013; Neilsen et al., 2019) specifically avoids repeated exposures in
the same region and in the same night, except for successive exposures with the same pointing in
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different bands, so the motion of a TNO is not readily detectable in our data. We have elected to
remove the Y band catalogs from the search, since most TNOs have very low S/N in this filter. We
do, however, use these images for photometric measurements.
Each DES exposure has its astrometric solution mapped to Gaia DR2 (Gaia Collaboration
et al., 2018). The DECam astrometric model is fully described in Bernstein et al. (2017b), and
all fixed optical distortions are known to ≈ 1 mas RMS. The dominant astrometric error for bright
TNOs is from turbulent atmospheric distortions, with a typical RMS value of 7 mas (Fortino et al.,
2020). The DES detections are calibrated to a photometric system is highly uniform across the focal
place (Bernstein et al., 2017a) and all exposures (Burke et al., 2017), as demonstrated by an RMS
difference from the Gaia DR2 catalog of only 2.5 mmag (The Dark Energy Survey Collaboration,
2021). The photometric measurements reported for our TNOs are the average PSF-matched flux
over all images of a TNO in a given, with the flux of each individual detection scaled to a nominal
distance and discovery. The full photometric pipeline will be described in a future publication.

4.2.2

Detection threshold optimization & characterization

We have improved the image processing pipeline presented in Morganson et al. (2018) to allow fainter
sources to be detected in each exposure. This is done by lowering the Source Extractor (Bertin
& Arnouts, 1996) detection threshold to DETECT THRESH = 0.8 instead of the previous 1.5, and
using a detection kernel that better matches the typical point spread function (PSF). To optimize
the threshold, we compared the catalogs of sources detected in DES exposure to the significantly
deeper Hyper Suprime-Cam Subaru Strategic Program (HSC; Aihara et al., 2018) XMM-LSS catalog
from their first data release. By using HSC, we have not only an independent set of measurements
(so single-night transients from any DES exposure are not present on the HSC images), but also
guarantee completeness of the reference catalog to fainter magnitudes than any DES exposure. The
DES sources that do not match HSC detections correspond to astrophysical transients and or to
spurious detections coming from noise fluctuations or defects in the image. Any lower choice of
DETECT THRESH leads to a substantial increase in transient density, clearly due to detection of noise
fluctuations, making it infeasible to conduct the search despite possible small gains in completeness
for TNOs.
Once all DES images have been cataloged using the new Y6 detection parameters, we evaluate
the detection threshold for unresolved sources as follows. For a given DES single exposure, we find
all of the unresolved sources in the coadd catalog that overlap the exposure, and see whether each
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appears in the SE catalog. The list of (un)matched sources is used to constrain a completeness
function for each DES exposure. The completeness model is defined by the magnitude of 50%
completeness m50 , a scaling factor c and transition sharpness k such that the probability for a
source with magnitude m be detected in this exposure is given by
p(m) =

c
.
1 + exp(k(m − m50 ))

(4.1)

Figure 4.1 shows the change in m50 between the year 4 and year 6 processing for all exposures,
with an average completeness gain of ∼ 0.47 mag on r band exposures.
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Figure 4.1 Left: Difference in m50 per grizY band measured using the method of Paper I for the
same exposures in the year 4 and year 6 processing. The mean value is ∼ 0.46 for r band. This
gain comes from primarily from the optimized detection threshold, and to a lesser extent from the
deeper DES Y6 coadd catalogs used to veto static sources. Right: Distribution of m50 per band for
all the Y6 exposures.

4.2.3

Injection of synthetic TNOs

We inject a synthetic population of TNOs (“fakes”) in the SE catalog in order to test for transient
recovery and linking efficiencies. Unlike in Paper I, this synthetic population was injected before the
production of the transient catalog, allowing for a more realistic simulation of the detection process
for any given object, which accounts for area lost due to static sources and other masked regions
of the images. In Paper I, the fakes were injected in the catalogs after the transient catalog was
produced, and so this population was not subject to the transient detection pipeline.
Similar to Paper I, we constructed an ensemble of orbits isotropically distributed in the Cartesian
coordinates {x0 , y0 , z0 , ẋ0 , ẏ0 , ż0 } for distances 25 AU < d < 2500 AU and velocities 0 ≤ v ≤ vesc (d)
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so as to cover a wide range of sky locations, semi-major axes and eccentricities. We have constructed
a sample of about 5000 fakes in three different scenarios:
• 80% of the fakes uniformly distributed in barycentric distante between 25 and 60 AU, with the
angular positions and velocities isotropically distributed using the method of Paper I;
• 10% of the population logarithmically distributed between 60 and 2500 AU;
• The remaining 10% were generated by constructing a larger isotropic population between 25
and 60 AU, but keeping only those with inclination i < 20◦ .
We have elected to include a larger number of objects at lower distances or inclinations than in
Paper I, as these are more representative of the real trans-Neptunian population.
We also generated for each fake a mean r-band magnitude uniformly distributed in 20 ≤ mr ≤
24.5, and a color 0.4 < g − r < 1.5. From this color index, we generated the other colors (g − i and
g − z) by a linear parametrization for band b
g − b = αb (g − r) + βb ,

(4.2)

with the values for αi,z and βi,z found by fitting to the observed colors of the 316 TNOs from
the Y4 search. The objective of this fit is not to measure correlations of TNO colors, just to get
representative color variation into the fakes. So we do not include measurement errors while fitting,
and we apply a sigma-clipping algorithm to remove outliers. The fitted color trends are shown in
Figure 4.2.
Differences in the surface smoothness as well as in the shape of TNOs can also introduce variability on time scales shorter than the DES cadence (see Alexandersen et al., 2019, and references
therein). To simulate this, each object also received one of three possible light curve scenarios,
divided as follows:
• No light curve (50% of the sample);
• Light curve with variation δm ≡ A sin ϕ and amplitude A = 0.2 (25%);
• Light curve with A = 0.5 (25%).
Since the DES observations of any given object can sometimes be years apart from each other, we
do not choose a phase for each object, but rather, for each observation, we draw a random phase
ϕ ∈ [0, 2π). Such amplitudes were chosen to represent a wide range of TNO variability (Alexandersen
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Figure 4.2 Trend lines for the g − r, g − i and g − z colors for the Y4 sample (black points), as well
a linear regression (blue lines) for this data. Objects which were clipped are shown in red. We find
that {αb , βb } is {1.49, −0.12} for i band and {1.65, −0.133} for the z band.
et al., 2019). Note these fake light curves have peak-to-peak excursions of up to 1 mag across the
30 to 50 potential detections of each fake.
We then measure p(m + δm) for each object, and compare this probability to a random number
r between 0 and 1. If p(m) > r, the source is considered as detected and is added to the SE catalog.
Finally, each detected source receives an astrometric shot noise error σa . For a given flux f , a
background limited source has σa ∝ f −1 , while for brighter sources σa ∝ f −1/2 . Since most sources

of interest are faint, we fixed σa ∝ f −1 , and used the Y4 transient detections for magnitudes between

20 < m < 22 for each band to find the expected amplitude of this shot noise. This corresponds
to σa (mb = 20) = {5.8, 4.9, 6.5, 9.6} mas for b = {g, r, i, z}, respectively. These shot-noise errors
then get added in quadrature to each exposure’s atmospheric turbulence covariance matrix (see
section 2.3 of Paper I), and each object has its nominal positions shifted by drawing from the two
dimensional Gaussian defined by this sum of covariance matrices.
Section 4.3 presents a discussion of the survey completeness versus the color, light-curve, and
orbital characteristics of the fake TNOs.
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Transient identification

The transient identification algorithm is the same as the one presented in Paper I. We begin by
matching all detected SE and coadd sources by using a friends-of-friends (FoF) algorithm that links
detections within 0.500 of each other, and, for each output group, we ask whether or not this source
is matched to a coadd detection (COADD = 1, 0). Next we evaluate how far apart in time are the first
and the last detections of this match group (∆t ≡ tlast − tfirst ). Then, for the groups that have both
a coadd and a SE source, we ask what is the least negative deviation in magnitude between a SE
detection and the coadd in the same band, ∆m ≡ mSE − mcoadd .
The coadd image at the location of a SE detection of a solar system object has this object’s flux
in only one exposure out of K in the same band and location. So the coadding process reduces the
flux by a factor 1/K, corresponding to a ∆m . −1.2 for K ≥ 3. We include in the transient catalog
detections that satisfy
• COADD = 1, ∆t < 2 days, ∆m ≤ −1.2; OR
• COADD = 0, ∆t < 2 days.
The output catalog of this process yielded 160 million transient candidates, with a fake identification efficiency of 98.6%.
After these transients are identified, the first cleaning step is to remove large clusters of spurious
detections. We apply a FoF algorithm with a linking radius of 3000 to the catalog of all transients,
and discard groups with over 20 detections, or groups with between 10 and 20 members whose
detections have a tendency to lie along a line or a curve (see section 2.4 of Paper I), masking 17
million transients (11%) and only 0.2% of the fakes.

4.2.5

Coadd avoidance radius

Static sources with low S/N , or complex-shaped sources that are split into individual detections on
different exposures, can generate SE detections that spread in radius more than the 0.500 used for
the friends-of-friends matching. Such detections can then be mistakenly identified as transients.
Figure 4.3 shows in blue the cumulative histogram of the distance between the transients and
their closest coadd source. The red line shows the same quantity for the injecting fakes, i.e. a truly
randomly placed population. The significant excess of the former indicates that, for distances less
than 100 , the putative transients are not independent of the coadd sources, and contamination such
as hypothesized above is present.
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We therefore exclude from the transient catalog any SE detection that is within a “coadd avoidance radius” of 100 of a coadd catalog source source, but had COADD = 0. This process removes 32
million (24.3%) of all identified transients, and only 1.8% of the fakes.
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Figure 4.3 Cumulative histogram of distance between each identified transient and the closest coadd
source, measured for all putative transients (blue), and for the fake detections injected in the catalog
(red). The blue curve shows a steep growth for distances less than 100 , while the fakes, which are
uniformly distributed over the footprint, show a smaller growth in this region, indicating that such
transients are not independent of the background sources. 24.3% (1.8%) of the transients (fakes)
are closer than 100 to a coadd source.

4.2.6

Pixel-level masks

A final masking process has been applied to the transient catalog by combining the data from
each CCD in an observing “epoch” (roughly two epochs per year, see table 2 of Morganson et al.,
2018) to search for additional unmasked spurious detections, such as unmasked bad columns. True
astrophysical transients should be randomly located on each CCD, while signals due to CCD defects
will be clustered in pixel coordinates. We count all detections in bins of size 8 × 16 pixels in each
2048 × 4096 pixels CCD image, and define a Poisson distribution with the mode of transient counts
in each CCD bin. We mask all bins whose counts are above the 99.99% percentile of this Poisson
distribution and at least twice the median bin count. Figure 4.4 plots an example CCD, showing
that this process finds an excess of transients in low-x pixel coordinates in the CCDs, as well as bad
columns that were not previously masked.
This leads to 2.7% of the remaining transients being masked, and 1.2% of the fakes injected in
the catalog.
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Figure 4.4 Example of the transient density per 8 × 16 pixel bin in a CCD, with the threshold for
masking set to 10 transients per bin. The bottom panel shows the location of the masks in yellow,
while the blue region is the unmasked portion of the CCD. A few features can be seen here, with
an excess of transients (and, therefore, of masked regions) in the low-x pixel counts of the CCD, as
well as two bad columns in the CCD.

4.2.7

The transient catalog

The final transient catalog has 108 million sources (compare to 22 million in the Y4 catalog). Of
these, 105,317 come from the fake detections injected into the SE catalog (of 110,246 originally
injected), leading to an overall transient efficiency for moving object detection of 95.55%. Figure
4.5 shows the distribution of transients in the survey’s footprint.
The density of bright transients shows a strong concentration toward the ecliptic plane (to ≈ 200
per square degree for r < 23) at a level consistent with the expected density of asteroids (e.g.
Gladman et al., 2009). The transient density increases significantly for fainter detections (r > 23),
which dominate the catalog at all ecliptic latitudes. The mean transient density is a factor of 3 − 5×
the transient density of the Y4 catalog, primarily a consequence of the lower detection thresholds—
we have lowered the purity of true solar-system transients in an effort to increase completeness.
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Figure 4.5 Sinusoidal projection of the DES footprint in ecliptic coordinates, each dot corresponding
to one r band exposure, with its color representing transient counts per exposure and per square
degree. The left panel counts transients with r < 23 mag. In this regime, most exposures are
complete, and the transient density increases strongly toward the ecliptic plane (black line), reflecting
density variations in the number of astrophysical transients (asteroids). The right panel corresponds
to transients with r > 23. The faint end has 3 − 5× more detections than the bright end. The lack
of spatial dependence (except for a small decrease in transient counts for longitudes less than −30◦ )
suggests that these are due to primarily to noise detections, image artifacts, and/or other non-Solar
System transients.

4.2.8

Orbit linking

The process of linking of detections into orbits is very similar to the one described in Paper I. Pairs
of detections are found by searching in bins of inverse-distance γ ≡ 1/d (Bernstein & Khushalani,
2000), with 30 < d < 2500 AU. The detections are mapped to a frame that subtracts Earth’s
parallax at that distance, and so the dominant motion becomes linear in time. The pairs are found
by searching kD trees for all exposures within a time-interval ∆t in a radius consistent with the
motion of a bound orbit. While the pair finding algorithm remains unchanged, we have changed its
implementation to use vaex table software (Breddels & Veljanoski, 2018). The vaex out-of-core
functionality works well for very large datasets, e.g. some of our distance bins generate billions of
pairs.
The triplet stage proceeds by determining the maximum motion that a bound orbit consistent
with this pair of detections can have in a future exposure. A pair of exposures strongly constrains
four out of the six orbital degrees of freedom, essentially leaving distance and line-of-sight motion
weakly constrained and the future apparent position limited to a two-dimensional region specified
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by these two parameters. The algorithm of Paper I used a kD tree implementation for this stage,
but for the Y6 search we devise a linear-algebra-based “parallelogram” search which is faster. The
details are presented in Appendix 4.A. We consider only triplets whose dates of observation t1 , t2 ,
and t3 satisfy |t2 − t1 | < 60 days and |t3 − t2 | < 60 days. When searching for TNOs at distances
d > 50 au, we increase these windows to 90 days, since the number of triplets decreases steeply with
distance.
Once a triplet of detections is found, the search then proceeds by fitting these orbits using the
procedures outlined in Bernstein & Khushalani (2000) and Paper I. An “n-let” of linked detections
is fit to an orbit with the six orbital elements left free, but with a tight Gaussian prior on the inverse
distance. All exposures are then searched for transient detections lying within the 4σ predicted error
ellipse of its position in that exposure. If a new transient is found to be consistent with the orbit,
an (n + 1)-let is created and the orbit is re-fit. This is iterated until no new transients are consistent
with the orbit. Such “terminal” n-lets are retained as TNO linkage candidates candidates.
For each linkage, we compute the following quantities:
• The χ2 of the orbit fit, following the routines of Bernstein & Khushalani (2000). Here, the
number of degrees of freedom ν ≡ 2×NDETECT−6, with NDETECT being the number of detections
in this orbit. We reject all orbits with χ2 /ν > 4;

• The number of unique nights NUNIQUE ≤ NDETECT, is used to trim the candidate list. This
is more indicative than NDETECT of the chances of accidental linkage of asteroid apparitions
into a TNO orbit, because the DES since the DES observing algorithm (Neilsen & Annis,
2013) occasionally chooses to take successive exposures (at two minute intervals) with the
same pointing in a single night, and the short interval between these repeated pointings means
that these intra-night exposures have highly correlated chance of containing an asteroid or
image defect. We keep only orbits with NUNIQUE ≥ 7 (this choice is discussed in Sections 4.2.9
and 4.3.2);
• The false-positive rate (FPR) of the linkage. With j being an index over all exposures, Aj,search
being the area in that exposure consistent with the orbit fit at 4σ, and transient density nj in
exposure j, the FPR for a spurious linkage is
FPR =

X
j

We stipulate FPR < 0.02;

Aj,search nj .

(4.3)
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• The ARC, corresponding to the time between the first and last detections of the orbit, and
ARCCUT < ARC, the shortest arc that remains after any single night of detections is removed
from this orbit. We keep only orbits with ARCCUT > 6 months (that is, orbits with more than
2 detections outside the season of the discovery triplet).
After making these cuts, all duplicate linkages are merged, and every orbit is re-fit with no priors
on distance or binding energy. This leaves 3200 detections with NUNIQUE ≥ 8 and another 718 with
NUNIQUE = 7.

4.2.9

Sub-threshold significance

To assess the reliability of a linkage, we implement the sub-threshold significance (STS) test from
Paper I. The STS is the significance of the flux peak in a stack of SE images centered on the positions
predicted from the orbit fit. The value of an object’s STS is the signal-to-noise inside a 100 FWHM
aperture centered in this stacked image. The key is that all exposures which are already linked into
the orbit are excluded from the stack, as are images taken on the same night as linked detections.
This leaves only images that are statistically independent of the original linkage in terms of both shot
noise and presence of asteroids or defects. With Nimages griz exposures kept in the STS stack, we
p
examine by eye all objects with STS > 1.0 Nimages to eliminate any images where the STS aperture
is contaminated by static sources or unmasked artifacts. Our final catalog consists of those objects
p
which pass STS > 1.2 Nimages after removing contaminants, i.e. the STS roughly corresponds to
a mean signal-to-noise of 1.2 in each non-detection image. Figure 4.6 shows the results of the STS
of all 3918 sources with NUNIQUE ≥ 7 found in the search. Three of the authors (P.B., G.M. and
M.S.) examined by eye postage stamps and stacked images of all candidates, and attributed to each
a score of R (real), M (maybe) and F (false); if two of the scores agree, this is this object’s final
classification. We consider all objects with NUNIQUE ≥ 9 to be confirmed (independently of its STS),
p
or sources with M that satisfy STS > 1.2 Nimages .
We computed the STS statistic for ≈ 100, 000 orbits with NUNIQUE = 6 found at d > 50 au.
p
Visual inspection of all sources with STS > 1.5 Nimages yielded only one source whose STS stack
was not contaminated by unmasked artifacts or static sources. This result is unlike what we obtained
in Paper I, where most NUNIQUE = 6 orbits came from real linkages. Because examination of all
NUNIQUE = 6 candidates would be a large undertaking with very little return in secure TNOs, we
elect to set NUNIQUE = 7 as our minimum threshold for the Y6 TNO search. The modest effects of
this choice on TNO completeness are discussed in Section 4.3.2.
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Figure 4.6 Results from the STS evaluation of 3918 sources with NUNIQUE ≥ 7. The left panel shows
a histogram of the STS value for all sources with NUNIQUE = 7(> 7) in blue (red). The right panel
shows the number of images
p used in each STS stack as well as the eyeball classification (real, false and
maybe). The STS = 1.2 Nimages curve separates the bulk of low-STS sources to the ones considered
as real in the eyeball test. The long tail of the blue histogram in the left panel and the separation of
the two groupings of the right panel indicate that real sources show signal in all griz images, even
when they are not detected.

4.3
4.3.1

Survey simulation
Overview

In order to quantify our observational biases, we have developed software that allows observations
of population models to be simulated, similar to Jones et al. (2006) and Lawler et al. (2018a). Each
simulated object requires a set of orbital elements, magnitudes (either apparent or absolute) in griz
and potential light curve, allowing for a wide range of parameters to be varied in these tests. As an
example, the populations of fakes described in Paper I and Section 4.2.3 as well as the the extreme
TNO ensemble of Bernardinelli et al. (2020b) were realized within this framework.
For each set of orbital elements, we find all potential observations of such a TNO, that is, we
find every DES pointing in which such an object would lie inside a functional DECam CCD. We
have recorded completeness estimates {m50 , c, k} for all DES exposures used in the search, and so
we can evaluate the probability of detecting an object using Equation 4.1 given its magnitude and
light curve. Once we iterate over all exposures that touch this orbit, each detection has a probability
of 95.55% of being included in the catalog, given the transient detection efficiency. We compute
NUNIQUE, ARC and ARCCUT to decide whether an object would be considered as detected or not, and
we consider as detected all objects with NUNIQUE > 6, ARCCUT > 6 months and that have at least
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Table 4.1. Stages of the Y6 processing. The entries in italics indicate each intermediate step,
going from the SE catalogs to the final catalog of TNOs. The columns also indicate the number of
elements and the number of injected elements (when appropriate) at each stage of the processing.
The final column describes changes, if present, between this step and the Y4 procesing.
Catalog/Processing step
Single epoch detections (§4.2.1)
→Blinded fake injection (§4.2.3) →
→Transient identification (§4.2.4) →
→Coadd avoidance (§4.2.5) →
→Pixel-level masking (§4.2.6) →
Transients (§4.2.7)
→Pair finding (§4.2.8) →
Pairs
→Triplet finding (§4.A)→
Triplets
→Orbit growing (§4.2.8)→
→Fake unblinding →
Sevenlets
→Reliability cuts (§4.2.8)→
Candidates
→Sub-threshold significance test (§4.2.9)→
Visual inspection
Confirmed objects

No. of real elements
1.60 ×

1010

No. of injected elements
1.10 ×

105

1.08 × 108

1.05 × 105

& 1013

···

≈ 1012

···

Changes in Y6
Lower threshold
Changed order
Changed order
New
New

Modified

12672
3918
798
769

Lower threshold
···
···

one triplet that fits the criteria in Section 4.2.8.
This survey simulation software, as well a tutorial for its use, will be released in https://
github.com/bernardinelli/DESTNOSIM. The software works with the user stipulating a set of
orbital elements or phase space coordinates, an absolute or apparent magnitude and colors for each
object. Routines to include the color ranges of Equation 4.2 and light curves are also included. The
software then evaluates if this object would be detected or not, and returns this information.

4.3.2

Completeness tests

We show here the results of a simulation of a large population of synthetic TNOs, and the effects
of selecting distinct subsets from this sample. The fakes are simulated in a similar manner as in
Section 4.2.3, but this population is a factor of 100 larger (yielding ≈ 450, 000 fakes) and covers the
range 20 < mr < 25. We fit the logit function (Equation 4.1) using the nominal r-band magnitude
of each synthetic TNO (that is, the mean magnitude over the light curve). Table 4.2 and Figure 4.7
show the results of each fit and the measured completeness as a function of magnitude, respectively.
The completeness drops for i < 10, 20◦ when compared to all the other subsets, a direct effect of
the shape of the DES footprint (Figure 4.5), which is very narrow for ecliptic latitudes |β| < 15◦ ,
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Table 4.2. Completeness fits for a selection of subsets of the simulated fake population. These
subsets cover a different range of light curve amplitudes A, g − r colors, inclinations i and
distances d. Other choices of parameter bins were tested (such as e), leading to no significant
change among bins. The r50 entry is the light-curve-averaged r-band magnitude at the probability
of discovery of an implanted TNO is 50%, c a scaling factor for the completeness curve, and k the
transition sharpness (see Equation 4.1).
Subset of the simulation

r50

All fakes
No light curve
A = 0.2 mag
A = 0.5 mag
0.4 < g − r < 0.7
0.7 < g − r < 1.0
1.0 < g − r < 1.3
1.3 < g − r < 1.5

23.77
23.76
23.77
23.78
23.75
23.75
23.81
23.88

c

k

0.943
0.944
0.943
0.944
0.950
0.952
0.951
0.948

Subset of the simulation
10◦

6.37
6.52
6.38
6.24
6.73
6.80
6.70
6.92

i<
i < 20◦
i < 50◦
i < 90◦
d < 45 au
d < 60 au
d < 90 au
d < 500 au

r50

c

k

23.67
23.68
23.72
23.77
23.76
23.77
23.77
23.77

0.944
0.938
0.946
0.951
0.930
0.943
0.943
0.943

6.54
6.24
6.28
6.43
6.21
6.37
6.37
6.37

and so objects (specially at closer-in distances) might not stay long enough in the observed area
to match our detection requirements. The total footprint area is 5090 deg2 , leading to an effective
search area of 4800 deg2 .
The inclusion of orbits with NUNIQUE = 6 would lead to r50 = 23.81 and increase the effective
search area to 4812 deg2 , a minor gain compared to the increased burden of verification both by STS
and visual inspection of potentially hundreds of thousands of orbits.
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Figure 4.7 Measured completeness as a function of r band magnitude for the same subsets of the
simulated fake population presented in Table 4.2. The left panel presents subsets of photometric
properties (light curves and colors), and the right panel shows subsets of orbital properties (inclination and distance).
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4.4

Catalog of DES TNOs

4.4.1

Dynamical classification

We divide these TNOs into dynamical classes following a methodology similar to Gladman et al.
(2008) and Khain et al. (2020). We sample the barycentric Cartesian phase space position and
covariance matrix of the orbit solution at its solution epoch (t0 ) to generate 20 clones of each orbit,
and integrate these for 10 Myr in time-steps of 30 days using the WHFast implementation of the
sympletic Wisdom-Holman mapping (Wisdom & Holman, 1991; Rein & Tamayo, 2015), part of
the Rebound N -body simulator (Rein & Liu, 2012). The simulation is such that Jupiter, Saturn,
Uranus and Neptune are treated as active particles and the mass of the terrestrial planets is added
to the solar mass, as in the orbit solutions (Bernstein & Khushalani, 2000).
Similarly to Elliot et al. (2005), for each clone, we check all resonance arguments of the form
σ = pλ − qλN + m$ − n$N + rΩ − sΩN ,

(4.4)

where $ ≡ Ω + ω is the longitude of perihelion and λ ≡ $ + M the mean longitude. The subscript
N refers to Neptune’s orbital elements, and we check all p, q, |m|, |n|, |r|, |s| ∈ [1, 29] such that
p − q + m − n + r − s = 0.
We use an automated resonance identification algorithm similar to the one outlined in Khain
et al. (2020): for each resonance whose nominal orbital period Tres are |Tres − T (t0 )| < 0.15TN , that
is, whose orbital periods are up to 15% of Neptune’s orbital period away from the resonance, we
construct a two-dimensional histogram of (t, σ), and, for each time slice, we check whether the values
of σ are bounded, that is, we check if there are multiple empty bins in each slice. To achieve this,
the bins require 1000 points in each window of 200 kyr. If the largest contiguous period interval
corresponds to more than 50% of the full integration, we consider this clone to be resonant.
We classify the non-resonant objects as follows:
• Objects with a(t0 ) < aN are considered Centaurs;
• As in Khain et al. (2020), an object is considered to be scattering if it experiences excursions
in semi-major axis as a function of time a(t) such that
max ||a(t) − a(t0 )||
> 0.0375.
a(t0 )

(4.5)

• Following Gladman et al. (2008) and Khain et al. (2020), detached objects are non-scattering,
non-resonant orbits that have e(t0 ) > 0.24,
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• Objects that do not fall into these categories are classified as Classical.
A dynamical identification is called “secure” if at least 16 of the clones yield the same dynamical
class.

4.4.2

Sample of TNOs

The final catalog contains 769 objects. Of these, 471 have been newly identified in Y6 processing.
This is the second largest catalog of TNOs to date, and the largest with multi-band photometry
accompanied by orbital arcs of multiple years. Figure 4.8 shows the semi-major axes a, eccentricities
e and inclinations i for all bound objects, as well as their dynamical classifications. This figure
excludes one object with e > 1, discussed below.
The following properties of the sample are highlighted:
• Two new discoveries at d > 70 au: the first is our largest-q object with q = 54.31 au, discovered
at a distance of 79 au (the third most distant object from this search). While most clones of
this orbit are non-resonant and this object is insecurely classified as detached, seven of its
clones were identified to be in the 6:1 resonance. The second is an insecure scattering object
discovered at 73 au;
• One object that securely occupies the 8:1 resonance, increasing the sample of high-order meanmotion resonators (see Volk et al. 2018 for discussion of a sample of 9:1 resonant objects). The
sample also contains one object that securely occupies the distant 11:2 resonance;
• 8 new “extreme” TNOs (a > 150, q > 30 au), increasing the total to 15. Of these, 7 (3 new)
also have a > 250 au and are of interest to the Planet 9 hypothesis (Batygin et al., 2019, see
also Shankman et al. 2017, Bernardinelli et al. 2020b and Napier et al. 2021);
• Three new Neptune Trojans, increasing our sample size to ten;
• Several new objects with very high inclinations, including a detached object with a = 53.28 au
and i = 62.84◦ , the most inclined object with q > 30 au to date, and one object with inclination
with i = 54.81◦ , surpassing by a small margin 2015 BP519 (i = 54.11◦ , Becker et al., 2018).
Despite its a = 39.88 au being near the 3:2 resonance, this object is securely classified as
non-resonant;
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• One inbound hyperbolic comet, with e = 1.00110, q = 10.95 au, i = 95.56◦ , and nominal
discovery distance d = 27.53 au. This is the third known hyperbolic comet with q > 10 au,
and the first in a retrograde orbit with such a perihelion;
• Two objects in low-e (classical) orbits with a > 55 au, on orbits with high inclinations (i > 25◦ )
and perihelia (q ∼ 49 au), being similar to the detached population, despite their assigned
dynamical classes;
• A total of 126 objects classified as securely detached, the largest sample of this population
found by single survey to date.
The discovery distance and magnitude of these objects are shown in Figure 4.9, as well as the
50% completeness limits of this search and the Y4 search. Most objects new to this search are found
at mr > r50,Y4 ≈ 23.3, as expected. However, 30 new “bright”(mr < 23) objects were found in
the Y6 search, since the two additional years of data allow for new objects to enter the survey’s
footprint for long enough to meet our selection criteria.

4.5

Summary

We describe a catalog of 769 objects found in a complete search of the six years 5000 deg2 coverage
Dark Energy Survey, yielding a sample 50% complete to mr ≈ 23.8 with accurate astrometry tied to
Gaia DR2 and precise photometric measurements in the grizY bands. This release includes only the
r band photometry, a future publication will describe the dedicated TNO photometric processing
and report the photometric colors of these objects. Despite the challenges unique to DES, such as its
temporally sparse data, multi-band survey coverage and extensive coverage at high ecliptic latitudes,
the DES sample is comparable in number of objects to its predecessors, and its well characterized
observational biases lead to a sample suited for statistical tests of Solar System population models.
The DES catalog represents a significant increase in the number of known dynamically detached
objects, including new extreme and high-q TNOs, as well as objects in distant resonances or high
inclinations, which are relevant to more detailed hypothesis of the formation of the outer Solar
System.
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Figure 4.8 Semi-major axes, eccentricities and inclinations of the 768 TNOs found in this search,
color-coded by dynamical class. The dotted lines represent constant perihelion q = a(1 − e), and the
vertical dashed lined the approximate locations of some p:q mean motion resonances. Since many of
these have similar a, we do not indicate all occupied resonances. The solid circles represent objects
with secure dynamical classifications, and the diamonds objects whose classification is insecure. The
sample consists of 336 secure classical objects (plus 23 insecure), 211 secure resonant objects (and
15 resonant candidates), 126 securely detached TNOs (plus 11 insecure), 35 objects that exhibit
secure scattering behavior (and 10 insecure), and one Centaur.

4.A

Appendix: Changes to the linking algorithm

We have updated the triplet finding algorithm presented in Paper I. Here, we will present only the
details required to understand the changes, we refer the readers to Bernstein & Khushalani (2000)
and Paper I for the full details.
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Figure 4.9 Left: Absolute magnitude Hr versus barycentric discovery distance for the 768 TNOs
reported here. The blue dots correspond to objects new to this search, while the red correspond to
those that were present in the Y4 catalog. The dotted curve shows the r50 = 23.3 of the Y4 search,
and the solid black curve the r50 = 23.77 of this search. Right: Histogram of apparent magnitudes
mr for the objects found in this search. The solid purple histogram shows the full sample, while the
lined histograms show the sample found in the Y4 search and the sample new to this Y6 search.
The black lines (dotted and solid) are the same as in the left panel. While the majority of the new
objects were discovered at mr > r50,Y4 , 103 were found at magnitudes brighter than r50,Y4 .
Following the formalism of Bernstein & Khushalani (2000), we assume a coordinate system whose
z axis points to the center of a field that contains the object, with the origin being the location
of the observatory at the midpoint the observing season (t0 ). We use the six orbital parameters
{α = x/z, β = y/z, γ = 1/z, α̇ = ẋ/z, β̇ = ẏ/z, γ̇ = ż/z}. Under the approximation of inertial
motion for the TNO (which is adequate for this purpose), the observed angular coordinates of the
TNO at time t are
θ(t) =



1
α + α̇(t − t0 ) − γxobs (t), β + β̇(t − t0 ) − γyobs (t) ,
1 + γ̇(t − t0 ) − γzobs (t)

(4.6)

Nominal orbital parameters for a given pair are determined by the 4 observed coordinates of the
pair, plus a choice of nominal (inverse) distance γ0 and an assignment γ̇0 = 0 to the line-of-sight
velocity. For a given exposure being searched for a potential third detection, this defines a nominal
search position θ0 . We define two (non-orthogonal) vectors on the sky that track deviations of the
predicted position as we vary the 2 degrees of freedom γ and γ̇:
∂θ
∂γ
∂θ
v = γ̇bind .
∂ γ̇

u = δγ

(4.7)
(4.8)
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These vectors span the maximum deviation of the pair’s third detection from θ0 if the TNO is
assumed to lie in an (inverse) distance bin bounded by γ0 ± δγ and have line-of-sight velocity
bounded by |γ̇| ≤ γ̇bind . As the name suggests, γ̇bind is chosen to be the maximum allowed for a
bound orbit given α̇, β̇ and γ0 .
Now the position of any potential third detection of the pair in this exposure can be written as
θ = θ0 + µu + νv,

(4.9)

with |µ| < 1, |ν| < 1. Conversely, each detection’s position can be mapped to a pair (µ, ν) by a linear
transformation. To test whether a detection is inside the parallelogram defined by a bound TNO
within the distance bin, it suffices to ask whether |µ|, |ν| ≤ 1. Figure 4.10 illustrates this process.
This simple linear test leads to a speed gain of 100×, on average, over the kD-tree triplet search of
Paper I. Another benefit of the parallelogram search is a much simpler, parallelized implementation
using Numba (Lam et al., 2015).
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Figure 4.10 Demonstration of the parallelogram triplet search algorithm. This figure is similar to
Figure 9 of Paper I: it shows an orbit with three detections 10, 20 and 60 days past t0 , at a nominal
distance of 34 au, being searched in a bin γ0 = 1/35 au and δγ/γ = 0.05. The pair is formed by
the first two detections, and the bands demonstrate the ranges of variations of the nominal θ0 orbit
described by the u (parallactic variation) and v (binding variation) vectors. The inset shows the
search for the third detection as well as the u and v vectors, with the circles denoting the kD tree
search of Paper I, and the shaded region the area covered by the parallelogram.

Chapter 5

Conclusion
5.1

DES TNOs: there’s a lot more that can be done

The main objective of this thesis was a search for trans-Neptunian objects using data from the
Dark Energy Survey, and the results nearly double the number of TNOs with well characterized
observational biases, a necessity for statistical tests of models of Solar System formation. This rich
data set has not been explored in detail, and I will describe two different avenues of study with this
data that I am currently working on.
Two of the key differences between DES and most other outer Solar System surveys can be seen
as blessings in disguise: the use of five photometric bands (grizY ) and the extensive high-ecliptic
latitude coverage, which were not explored in detail in this thesis. The different photometric bands
include another variable for survey design: the colors of the objects, and the different sensitivities
per exposure time of each band. The coverage outside the ecliptic plane limits the discovery of low
inclination objects (the majority of objects in the trans-Neptunian region), since these spend all of
their time near the ecliptic plane.
The different bands allow the study of photometric colors (Equation 1.26), a measurement related
to the surface composition of these objects. Figure 5.1 shows the g−r and r−z colors of the 316 TNOs
of Chapter 2 divided by dynamical family, and it’s quite clear that the different dynamical classes
occupy distinct regions of the color-color space. Of course, such a statement needs to be quantified
properly. The different colors indicate distinct surface compositions, and these different compositions
trace variations in the structure of the protoplanetary disk that originated the Solar System, both by
the different abundances of material as well as the distance-dependendent temperature variations.
By combining the dynamics and the surface composition, then, leads to a more detailed picture of
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the formation history of each dynamical class.
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Figure 5.1 Locus occupied by the g − r and r − z colors of the distinct dynamical classes of the TNOs
of Chapter 2, constructed by the sum of 2D Gaussians of the mean values of each object’s color and
the covariance matrix of the corresponding uncertainties. The dashed lines show the mean location
of the Classical population of TNOs.
The significant high-latitude coverage of the DES footprint is useful for constraining the highinclination component of the trans-Neptunian region. Objects at inclination i can only be found at
latitudes β < i (see, e.g. Brown, 2001, for a detailed explanation), and objects at high inclinations
spend only a small fraction of their time at low latitudes. This means that DES, targeting high-β
regions, is suited for finding such objects. Figure 5.2 shows cumulative histograms of inclinations per
dynamical family for the TNOs of Chapter 2, and a Kolmogorov-Smirnov test of these distributions
shows that none of the dynamical classes share an inclination distribution. Such a result also
indicates differences in formation history for each dynamical class.
These are just two examples of what can be done with this rich data set, among many other
explorations of the dynamics, colors and absolute magnitudes of these objects.
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Figure 5.2 Cumulative distribution function per dynamical class of the inclinations of the TNOs of
Chapter 2. The objects in high-order mean-motion resonances (such as the 3:1) are grouped with
the detached population, due to a possible similar origin (e.g. Pike & Lawler, 2017). A KolmogorovSmirnov test shows that all of these distributions are distinct from each other (that is, the null
hypothesis that the samples of each pair of distributions come from the same parent population can
be confidently rejected), but such an analysis does not account for the different observational biases
for each dynamical class.

5.2

Planet 9: no definitive answer so far

The matter of Planet 9 is still not settled. Now, there are three “null” results on the clustering
of eTNOs (Shankman et al., 2017; Bernardinelli et al., 2020b; Napier et al., 2021). In particular,
Napier et al. (2021) presented the largest debiased analysis of eTNOs so far and tested this putative
clustering using the same dynamical mapping as Brown & Batygin (2019). This analysis used 14
objects from 3 substantially different surveys (OSSOS, a large, although traditional TNO survey; the
highly specialized survey of Trujillo & Sheppard; and the unconventional DES ), and could not reject
the null hypothesis of uniformity in the data. While this result questions the Planet 9 hypothesis in
a meaningful way, the debate is not settled20 , and a final answer will require several more eTNOs
and a more thorough dynamical analysis of their clustering and more definitive predictions of this
population in this scenario, allowing for a falsification (or not) of this model or a direct measurement
20 See a rebuttal by Mike Brown of this publication in http://findplanetnine.blogspot.com/2021/02/
is-planet-nine-finally-dead.html.
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of Planet 9.

5.3

The future: thousands of new TNOs!

The number of known TNOs will increase substantially in the next few years. A few examples of
projects aimed at finding faint TNOs include the Deep Ecliptic Exploration Project (DEEP, Trilling
et al., 2019) with sensitivity V R ≈ 27 in ≈ 36 deg2 , and the Formation of the Outer Solar System:

An Icy Legacy survey (FOSSIL21 , still unpublished), targeting the Jupiter Trojan clouds to find

objects with r & 27. Data from the Transiting Exoplanet Survey Satellite (TESS, Ricker et al.,
2014), a space telescope whose survey has coverage in almost the entire sky in order to measure
transits of exoplanets, has been used to search for TNOs: feasibility studies by Payne et al. (2019)
and Holman et al. (2019) demonstrated the potential of this data, and further exploration by Rice
& Laughlin (2020) led to the identification of several candidates in distant orbits.
Two major upcoming projects will carry out surveys of the trans-Neptunian region as part
of their missions: first, the Vera Rubin Observatory’s Legacy Survey of Space and Time (LSST,
Ivezić et al., 2019) will observe almost the entire southern hemisphere (and some of the northern
hemisphere) with high cadence during 10 years, beginning in late 2022. This survey has the potential
to discover tens of thousands of TNOs to r . 24.5 (or fainter, Jurić et al. 2019 proposes a survey
strategy capable of detecting TNOs fainter than 25.5 magnitude), as well as a 10 − 100× increase in
the number of known asteroids, comets and interstellar objects. Further into the 2020s, the Nancy
Grace Roman Space Telescope (formerly called WFIRST, Spergel et al., 2015) will be launched,
and its surveys have the potential for serendiptous discovery of many high inclination TNOs (Holler
et al., 2018).
These surveys have the potential to answer many of the current open questions in TNO science
(and hopefully lead to new questions!), and substantially expand our knowledge of the Solar System.

21 https://www.fossil-survey.org/
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